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high-speed steels. 
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P KEF A CE. 

THE object of the present book has been to give a (*omjw*hi'n*ivi 
account of the chemical and ntrnctural constitution of sti'i-ls; to 
describe the internal changes that occur when Htet*ls an hi*ntrl and 
cooled under varying conditions, and to indicate the effects of th** 
changes upon the properties of the materials CoiiHtdrntblt* Httriition 
has been given to the thermal an<l structural transFurmatiiitm !' tin* 
iron-carbon system, because they are the fundamental 'li*tinii- M f 
all steels. This has been treated in the manner which in nmv In-intr 
generally adopted for metallic alloysnamely, from th point of 
view of the equilibrium diagram and the subject in di*vtlojtttl ujwin 
this foundation. An effort has been made to gather all the im- 
portant facts dealing with the metallography or steel and prenrtit. 
them in a condensed form. Hence, although it is not a large volume, 
the author ventures to hope that it will, on that amwnt. In* more 
appreciated by students of Metallurgy and Knginci'ring. Tln> fart 
that very complete references are given to all th< early iintl ii. 
portant recent literature should makes the jwsi*nt tn'utisi* usrful 
even to those who have specialised in this branch of Mitalluru r v. 

The author very gratefully acknowltlgs the valuable hr!( IN* 
has obtained from the many publications by Professor AruoM, Sir 
Robert Hadfield, Mon. F. Osmond, Dr. Sttad and othern, tn W|IMI U 
Metallurgists and Metallurgical Engineers owe so much. Thry hav.* 
placed the study of steel xipon a sound scientific banis nnti <|,.m..ii- 
strated how the knowledge thus acquired can be lulvuntiipM.iiNly 
applied in the workshops. 

The author would like to express his thanks to Mr. ,1. If. T. 
Tudsbery, Secretary of the Institution of Civil BnginwK; ti, Mr. 
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Edgar Worthington, Secretary of the Institution of Meehani 
Engineers ; Mr. G. Shaw-Scott, Secretary of the Institute of Meta 
and especially to Mr. G. C. Lloyd, Secretary of the Iron and St 
Institute, for their ready permission to make extracts and use ma 
illustrations from the Proceedings of the respective Societies. 

CHARLES A. EDWARDS 

MANCHESTER, March, 1916. 
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THE PHYSICO-CHEMICAL PROPERTIES 
OF STEEL, 



CHAPTER I. 
CONSTITUTION OF METALLIC SYSTEMS. 

Allotropy* It is well known that the properties of matter are to a very 
large extent governed by temperature, and that, within certain limits, 
changes in temperature involve changes in the general properties of both 
simple and compound substances, and in many cases may cause an actual 
alteration in the physical state. The liquefaction of a solid or the gasification 
of a liquid, which are accompanied by pronounced changes in the properties 
of the substance, are examples of this. In addition to these changes it also 
frequently happens that both in metallic and non-metallic elements and 
compounds totally different chemical, physical, and mechanical properties 
are assumed, without any change of state or chemical composition, at a certain 
well-defined temperature. When such transformations occur in a substance 
they are described as due to allotropy, and the temperature at which the 
change occurs is referred to as the critical point. On passing through that 
temperature the mass is said to undergo an allotropic transformation, and 
the less common variety is termed the allotropic modification or the allotrope 
of the substance or element concerned. Allotropic changes are brought 
about by some unknown and so far indeterminable internal atomic or mole- 
cular re-arrangement of the mass which is accompanied by a change in the 
crystallographic habit of the element. 

An allotropic transformation is almost invariably accompanied by a 
thermal disturbance, which takes the form of an absorption of heat if the 
change occurs whilst the temperature of the specimen is being raised, and 
of an evolution of heat if it occurs whilst the temperature of the specimen 
is being cooled. 

In this respect the thermal characteristics of allotropic changes are 
exactly analogous to the absorption of heat which occurs when a body passes 
from the solid to the liquid, and from the liquid to the gaseous state, and the 
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evolution of heat which takes place when these changes occur in the rovewo 
direction. , , j . ... 

The discontinuities in the thermal properties of an element can bo reacmy 
detected by making careful observations of the manner in which the element 
absorbs or "emits heat on being heated or cooled. If a thermal transformation 
of this kind be known to occur in an absolutely pure element, it is generally 
considered that at that particular temperature the element passes from one 
allotropic state into another. As a rule, however, at the same temperature 
as the thermal change, a similar discontinuity is evident in many properties 
of the substance. A rather doubtful factor in this connection, and one which 
it is often difficult to determine, is the effect of small quantities of impurities, 
Exceedingly small traces of impurities might have the effect of producing 
many of the characteristic features of an allotropic change in an element 
which, when really pure, would give no such phenomena. In view of this, 
it is important to remember that in some cases changes which ar now 
regarded as being due to allotropy may ultimately be found to be caused 
by the presence of a small quantity of another element. This uncertainty 
makes it necessary to be somewhat cautious in using the term allotropy, 
but if a definite critical point is observed in an clement whirh has bm* 
obtained in the purest possible condition, that critical point may be regarded 
as being caused by an allotropic change, though future investigation mi#ht 
render such a view untenable. 

The effect of impurities or added elements upon the temperature at which 
an actual allotropic change occurs is similar to the effect of alt upon the 
freezing point of water i.e., if the foreign elements are soluble they may 
raise or lower the temperature at which the change would normally take 
place. The temperature of the change is lowered by the addition of an 
element more soluble in the modification that is stable at the higher than 
in the one that exists at the lower temperatures ; the effect is in the reverae 
direction if the added element be more soluble in the modification that 
persists at the lower temperatures. Examples of all these phenomenal 
changes are encountered in the domain of the practical preparation and 
manufacture of metallic alloys, and each type is found in steels. Hinca, 
therefore, the properties of elements may undergo such remarkably sudden 
transformations at certain critical temperatures, and as the presence of 
foreign elements may have a very marked effect upon the temperatures 
at which such changes occur, it will be seen how important it is to know 
the temperature of each change in elementary bodies, and the exact influence 
accidental impurities as well as intentional additions have upon those critical 
points. The necessity of experimental data and research along these lines 
becomes the more evident when it is remembered that even compound 
bodies that are perfectly homogeneous at one temperature may be decom- 
posed into a heterogeneous mass of two or more constituents which possess 
totally different properties. 

The physico-chemical law known as the "Phase Rule" has proved 
exceedingly useful in the study of metallic alloys. Whilst it is unnecessary 
to give a detailed description of this law, it is now so widely used and so 
frequently introduced into the discussions on the constitution of steel, that 
some knowledge of its application is now almost indispensable to students 
of this interesting subject. Shorn of many of its more theoretical details, 
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the phase rule is really simple, and ma}- indeed be regarded as a common- 
sense law so far as metallic systems are concerned. The essential features 
of this law will be described later, because they will be more fully appreciated 
after discussing the various constituents which may exist in alloys, and the 
methods of graphically illustrating the ranges of temperature and 'composi- 
tion over which they may exist. 

Constituents in Metallic Alloys, The constituents which are 
known to be capable of existing in metallic alloys are : 

1. An alloy may consist of an intimate mixture of its constituents dis- 
tributed throughout the mass in a perfectly pure condition. 

2. The elements contained in an alloy may be capable of existing in 
different allotropic modifications. 

3. Two or more of the elements in an alloy may be mutually soluble in 
each other, even when they ar^in the solid state, in which case they give 
rise to what is known as crystalline solid solutions. A solid solution is a 
homogeneous mixture of two or more substances in the solid condition. 
Metallic solid solutions. are solid isomorphous mixtures. 

4. Intermetallic compounds are often present in alloys, and may be 
formed by the combination of two metals, or by the union of a metal with 
a non-metallic element, such as carbon and sulphur, etc. 

5. Entectics, which are frequently described as constituents, are really 
intimate mixtures of two or more constituents which have crystallised from, 
the liquid at the same time. During solidification the solid eutectic does 
not undergo any change in composition, and the composition of the liquid 
also remains the same during freezing. They possess the lowest melting 
point of any mixtures of their constituents. 

6. Eutectoids consist of two or more constituents which have been 
simultaneously deposited from a homogeneous solid solution of the same 
composition. They are similar to eutectics in structure, etc., but are formed 
whilst the mass is completely solid. 

Thermal Critical Points and Ranges* If the rate at which a 
cooling mass of any substance which undergoes no physico-chemical change 
be observed, it is found that the rate of cooling has a constant incremental 
variation. There is no sudden variation in the rate at which it parts with its 
heat. Hence, if temperature observations are taken per unit of time, and 
these are plotted as vertical ordinates, whilst the times are plotted as hori- 
zontal ordinates, a perfectly continuous curve of the kind shown in A, fig. 1, 
is obtained. Since the actual rate at which the mass loses its heat decreases 
as its temperature approaches that of the surrounding atmosphere, the 
curve which is obtained is parabolic, and not a straight one. 

When similar data are taken, and plotted in the same manner, for the 
cooling of a pure liquid metal B, fig. 1, illustrates the type of curve which 
is obtained. In this case the fall of temperature is progressive, and the 
curve smooth so long as the metal remains in the liquid condition, but the 
moment the mass begins to solidify the cooling is arrested and the tem- 
perature remains constant until the whole of the metal has passed from the 
liquid to the solid state. Afterwards the temperature again begins to fall, 
and tends to attain the previous rate of cooling. The solidification is, there- 
fore, represented on the curve by the line ab. The arrest in the cooling 
is caused by the crystals that are formed, giving out their latent heat of 
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fusion, which under normal conditions is sufficient to counteract the 1 
of heat by radiation and conduction, etc. The process of crystallisat 
automatically maintains a constant temperature, until the last drop of liq 
is transformed into solid crystals. 

If the rate of cooling be abnormally rapid and the liquid be undisturb 
it is possible for the temperature of the mass to fall a few degrees bel 
the freezing point without the separation of any crystals. The term \vh 
is generally used to describe this kind of supercooling is u surfusion." Sup 
cooling often leads to recalescence. which is due to the sudden liberat; 
of heat, which causes the temperature of the mass to be raised. In met 
the possible extent of surfusion is limited to a few degrees, because of th 
high rate, and facility, of crystallisation from the liquid state. A. temperati 
is soon reached at which the liquid condition can no longer persist, anc 
relatively large quantity of the mass sojjdifi.es quite suddenly, with 1 




Time 
Fig. 1, 

result that sufficient heat is evolved to raise the temperature to that of t 
normal freezing point. The curve which is obtained under these conditio 
is shown in C, fig. 1, where the degree of surfusion is represented by t 
Jme ab, and the true freezing point by fc. It ought perhaps to be mention 
at this stage that in many cases solid alloys can be supercooled to mai 
hundred degrees Centigrade below that at which it would normally under 
a transformation. Quite a different type of curve is obtained from the da 
which is taken for the majority of alloys. As a rule, the mixture remai 
liquid at a lower temperature than one of its constituents, and frequent 
lower than both. Further, when solidification sets in, the fall of temperatu 
is not suddenly arrested, but merely retarded at first (a) followed at a low 
temperature by a complete arrest (be), curve D, fig 1 
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The lowering of the freezing point of a pure metal by the addition of 
another is due to^ what is known as the osmotic solution pressure. The 
temperature at which the molecules can become marshalled into a crystalline 
order is lowered by the pressure which is thus brought to bear. As will be 
noticed from the character of the cooling curve D, the solidification process 
is different from that of a pure metal. If the cooling curves of the whole 
series of alloys consisting of the two metals A and B be determined, they 
will clearly indicate that the temperature at which the liquid mixtures 
begin to freeze is governed by the amount of the added metal contained 
in them. Thus the initial freezing point of the pure metal A, fig. 2, is pro- 
gressively lowered by increasing additions of B, and a similar effect is pro- 




Composition.* 
Fig. 2. 

duced by adding A to B. By plotting these temperatures as vertical ordinates 
and the percentage composition as horizontal ordinates, a diagram is obtained 
which indicates the temperatures at which the various mixtures begin to 
solidify. The lines a, &, c, fig. 2, thus obtained are known as the liquidus 
lines, and represent the temperatures just above which the alloys are per- 
fectly liquid. The solidus D b E is obtained by drawing a line through the 
temperatures at which the last trace of liquid is transformed into solid. 

In this way an equilibrium diagram is produced, which in this case repre- 
sents the various areas of temperature and composition within which the 
phases or constituents, liquid, A + liquid, B + liquid, and A + B may 
exist in a stable condition. 

If, therefore, we consider an alloy of the composition x, fig. 2, it is obvious 
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that on cooling the liquid there will be a retardation in the rat_of rtw!iii- 
at the temperature of, which is due to the separation of a certain nuiulur 
of crystals of the pure metal A. As a result of this separation tin* relativu 
amount of the mefcal B left in the remaining liquid in increased, and it* f nu'/iny: 
point or the temperature at which it is capable of depositing a f art JUT *f mint it y 
of crystals is consequently lowered. This protean of selective rjmrwtiiu 
of the metal A and enrichment of the residual liquid, in the relative amount 
of the metal B it contains, proceeds as the temperature fall*, until tin* tem- 
perature of the line D 6E is reached. At this temperature the comjuniliun 
of the remaining liquid corresponds with the eutectic mixture /*, and it 
solidifies at a constant temperature- -i.e., crystals of A and B an* dejuwitod 
alongside of each other. With mixtures that fall to the rijjht of the eutvf.ie 
point b, the metal B is the lirst to separate from the liquid, but in nil case* 
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Composition 
Fig. 3, 

when the temperature D I B is reached the composition of the liquid corre- 
sponds to the eutectic alloy b. 

In many cases of alloys the solid which separates from liquid ntixfwr* 
is not one of the pure constituents, but a solid homogeneous solution f flit! 
two. Under these conditions the solid which is deposited and the rfinainin^ 
liquid are changing in composition during the whole period of HoiidihVuf itm. 
Kg. 3 represents the equilibrium diagram of a series of this kind. Tlw 
necessity for the solid crystals that are first formed to chanm* in composition 
during the freezing period will, no doubt, be readily underHto<xl after rm 
sidering the following facts : In the case of the three alloys. ^ *', and i", 
they each begin to solidify at the respective temperatures z, z\ and z*. Tit** 
solid crystals, which are then deposited, and which are in tnu* i<iuili!rium 
with the liquids, correspond in composition with the points //, //'. if. There- 
fore, during the solidification period the liquid is constantly rlmn^in^ in 
composition, and as any given liquid can have only one wt tif rrystuh 
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in equilibrium with it, those which have been previously formed- from 
pre-existing liquids must adapt themselves as regards composition to the 
new conditions. Hence their composition is changed by a process oi 
diffusion. 

Fig. 4 represents the diagram of a series, in which an intermetallic com- 
pound, A^B y , 'is formed. This series need not be considered in detail, because 
it may be taken as representing a combination of the two types previously 
referred to. 

In addition to the changes that occur during solidification, many alloys 
are capable of undergoing marked transformations in structural constitution, 
which are accompanied by corresponding alterations in mechanical properties, 
at certain well-defined critical temperatures, even when the mass is com- 
pletely solid. These changes are perhaps the most important that metal- 
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lurgists have to consider, because it is largely owing to their existence that 
the properties of alloys can be modified to suit so many requirements simply 
by subjecting them to judicious heat-treatment. 

Typical examples of transformations in the solid state are illustrated 
in figs. 5 and 6. In fig. 5 the pure metal A is represented as passing from one 
allotropic condition /? into another a at the temperature a. 

The ft variety is capable of holding a certain quantity of the added element 
B in solid solution, but no such solution is possible with the a variety. The 
area a, b, c indicates the stable range of the ft solid solution, from which it 
will be seen that the extent of solution is largely governed by the tempera- 
ture. As the percentage of the element B is raised from d to b } it lowers the 
temperature at which the a modification is formed ; this is shown by the 
sloping line a, b. It should be noted that the whole of the mass is not changed 
bodily into a at the temperatures a, b, but a process of selective separation 
takes place with falling temperature, "which is similar to that previously 



8 THE PHYSICO-CHEMICAL PEOPEBTIES OJT STEEL. 

considered for the solidification of alloys. With mixtures containing' more 
than b per cent, of B, the solid solutions deposit the pure metal B at tem- 
peratures on the line 6, c. In all cases when the temperature d, b, e is readied 
there is a certain amount of the eutectoid b present, which then transforms 
bodily into crystals of and B, in the same manner as liquid eutectics deposit 
crystals of their constituents. 

Erom what has been said above, the changes represented in the diagram, 
fig. 6, will be understood, the only iifferences being that in this series no 




Composition, 
Pig. 5. 

allotropic change takes place, and that one of the constituents which crystal- 
lises from the /J solid solution is not a pure metal, but another kind of solid 
solution viz., a, which is capable of dissolving increasing quantities of the 
metal X, as the temperature is lowered. 

Considering that most commercial alloys contain more than two elements 
it is of some practical importance to describe some of the changes which occur 
in ternary mixtures. Accordingly, the following brief account is included 
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Ternary Alloys* The simplest way of representing graphical 
ternary series of alloys is by means of an equilateral triangle. Each co 
of the triangle represents a pure metal The three sides of the trial 
fig. 7, correspond with the three binary mixtures A + B, B 4- C, and C H 
and any point inside the triangle indicates a certain alloy of the three me 
From any point on the vertical lines drawn from each base to meet 




Composition. 
Fig. 6. 

corresponding corners, the percentage of each metal present can be re; 
determined by measuring the distance from the point to the base : "the 
centage of the metal represented by the corners opposite is the dist 
so found expressed in percentages of the total height of the triangle, 
sequently the length of the lines drawn from any point in the triang 
meet the three sides at right angles is proportional to the percenta^ 
each metal represented by the corner towards which the line tends, anc 
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sum of the length, of the lines so drawn is equal to the* height >f th* 
For example, if it is desired to determine tlw jxwntAni* at A. II, 
an alloy represented by the point #, fig. 7, th amount of A fer^-uf 
portional with the line a, e; B with the line a, /, imd (* with th h 
Alloys occurring upon lines drawn from the wdrM of tin* ilu^nuu 
corresponding apex, have two of the component relatively ruit^ui 
the third varies. A line drawn parallel with one of tin* nitlrH u| ihi- 
represents a series of alloys in which the percentage of om of th<- r^u 
is constant The temperatures at which the iit|uii itl!t*y INVIII t 
on cooling i.e., the lic[uitlufi ~ are roprewnted by tlrawiu^ inr 
identical freezing points, and thus obtaining iHotht*nnl hnr>t f*r ili 
series. 

With the triangular diagram it is only poHMihle to iiitlinii^ Vrtrtu 
composition. To represent temperature a new axin in fiilni ^ft 
to the plane of the triangle. Thus when teinjx*riitr* nl 
are considered together, it is necessary to have u, 




7, 



The upper or hquidus surface of such a figure in iib-aya irr^ulitr, iltl 4 iipli^i 
the temperature at which the various alloys begin t, ,irii,,ii ,],! ' j, 
much more di&cult to illustrate the aolidtm, and ti.* -.!r.irfrl mil , ih, 
changes occurring below the solidus, for it i iirr,irv t ,i !,., 

' 



f Which COOT8 P^ with a 

within 



of suca a sectional rmvL.i ..),. .,.,;.,.. (j it> ( ., rt , s . 



., J ternary system of the simplest tvi- w *htwri in i- * 

case the three metals A, B, and arc mutual y *,! L t V.i,,, 
m the liquid state, but insoluble when th, alloyn an' mt " ,1 . 
system gives rise to one eutectic-viz., A { B, mlt.-.tt- i B . i 

is formed. To show correctly by means'of u 'SLf ImlwT^'ri!' 
constitution through which these alloys paa* on <,!, 'fr, ,, . h 
condition, down to temperatures below wh-h the t, ^., ,,, . 
necessitates having the model in seven .swtion* A 
more comprehensive method is to 



CONSTITUTION OF METALLIC SYSTEMS. 



11 



which, are divided into areas showing the boundaries of the phases that are 
present at those temperatures. The constitution of a system like A, B, C, 
fig. 8, can then be indicated by means of the three diagrams, figs. 9, 10, and 
11. Following the process of freezing for the group of alloys which fall in 
the area A.xyz, fig. 9, these mixtures on cooling begin to solidify with the 
deposition of crystals of the pure metal A, and the composition of the mother 




Fig. 10. 



Fig. 11. 



lirmor is thereby altered. The second period of solidification depends upon 
the particular side of A y (fig. 10) that the original composition of the alloy 
happens to place it. With alloys to the right of the line A y the composition 
of the mother liquor gradually approaches' a point on the line yz when the 
binary eutectic I begins to separate : in the secondary period of freezing 
of alloys on the left of the line Ky the binary eutectic x separates from the 
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liquid. In both cases the composition of the mother liquor ultimately 
sponds to the ternary eutectic y, and then solidifies at a constant temperature* 
with the simultaneous deposition of A, B ? and C. Alloys which tire repre- 
sented by points upon the line deposit the pure metal A, and the t'ompoxitiom 
of the liquid gradually changes until it reaches that of the ternary twteftie, 
without the intermediate separation of a binary eutectic. 

With three metals that are mutually insoluble in the solid state, 
changes that occur in the composition of the liquid can be traced througli 



Fig. 12. 



Fig. 14. 





Fig. 13. 
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in the metal A. 3ince, however, during this stage, there is only one metal 
separating the relative amounts of the other two metals, B and C in the 
mother liquor remain unchanged, and its percentage composition alters 
from the point x along the line x, x', fig. 13 i.e., along a line drawn from the 
corner A through the point x, to meet the binary eutectic line E E'". The 
actual composition of the mother liquor existing at any period can be readily 
determined, by drawing a line parallel with the base of the model from the 
desired point on the vertical temperature ordinates, say T' to meet the line 
drawn from the point A through the point T. The composition of the mother 
liquor from alloy x when at the temperature of T 7 corresponds with the point 
p. When the temperature T" is reached, the mother liquor then corresponds 
with the point p', fig. 12, or x' in fig. 13. At this juncture the pure metal 
A ceases to separate alone, but crystallises simultaneously with some of the 
pure metal C, in the form of a binary eutectic, and the composition of the 
mother liquor then changes along the line of E, fig. 13. During this period 
the composition of the liquid at any temperature can be ascertained by 
projecting a line parallel to the base of the model from the required tem- 
perature ordinate to meet the line x' E. The point of intersection indicates 
the composition of the liquid existing at that temperature. Finally, the 
liquid reaches the composition of the ternary eutectic E, when it undergoes 
no further change of composition, and the temperature remains constant 
until the whole of the alloy has solidified : at this stage the three metals 
A, B, and C are deposited at the same time. 

In the case of ternary systems in which the metals are partially soluble 
in each other in the solid state, the conditions are much more complex than 
those just considered, and it becomes more difficult, if not impossible, to 
determine a priori the changes which occur during the solidification period ; 
for not only does the concentration of the liquid alter, but the composition 
of the solid phase or phases may be changing at the same time. 

In fig. 14 is shown a projection of a ternary system in which the metals ' 
are partially soluble in the solid state ; the constitution of the system when 
just solid is indicated in fig. 15. The liquidi of the three binary systems are 
represented by the lines AEB, B E 7 C, and CE"A, and their respective 
solidi by the lines ASES^, BS 2 E 1 S 3 0, and CS 4 E"S 5 A. An alloy 
X of the binary system A + B on cooling to the temperature x' begins to 
freeze with the separation of crystals of a solid solution x". With further 
cooling the composition of the liquid alters along the line x f x'", and at the 
same time the composition of. the solid crystals changes along the line x" x"" 
as a result of the fall in temperature and the changes which occur in the 
liquid phase. When the temperature of the line x f " x"" is reached the whole 
of the alloy is just solid and the composition of the last trace of liquid corre- 
sponds with the point x'". The difficulty of tracing quantitatively the 
changes which occur during the solidification period of ternary alloys that 
give rise to solid solutions is due to the fact that the actual and relative 
percentages of all three elements are varying both in the solid and liquid 
phases. If we take alloy x } fig. 15, as an example, this alloy begins to freeze 
with the separation of a solid solution of the metals B and C in A, which 
will be represented by a point somewhere on an isothermal line of the solidus 
running from the line A 6 to A e, the temperature represented by the iso- 
thermal line being the same as the initial freezing point of the alloy. The 



14 THE PHYSICO-CHEMICAL PBOPERTIES OF STE&L. 

liquid ultimately corresponds in composition to a point on the line df whei 
the two phases a and ft separate from the liquid and the composition of tin 
liquid finally reaches that of the ternary eutectic /. It is only when th< 
liquid corresponds with the composition of the ternary eutectic that th< 
concentration of the solid phases can be determined a priori. At this atag< 
the solids in equilibrium with the liquids are , /?, and y, and their composi- 
tions are c, g, and h respectively. 
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CHAPTER IL 
STRUCTURE OF METALS, 

Structural Components : Crystals* Having discussed the thermal 
changes which occur when alloys are cooled from temperatures at which 
they are quite liquid, down to atmospheric temperatures, the reader will 
be better able to understand their internal structural constitution, so far 
as it can be determined by examination under the microscope. 

All metals and metallic alloys are composed of crystals which have grown 
either from metallic liquids or been deposited by electrical means from 
liquids of quite a different nature. 

The first to take up this branch of metallurgical science was Dr. Henry 
Clifton Sorby, of Sheffield, who was also the founder of the study of the 
crystalline structure of rocks. The work of Martens in Germany, of Roberts- 
Austen, Stead, and Arnold in England, -of Howe and Sauveur in America, 
and, in particular, of Osmond in France, has had a great influence upon the 
technique of this important and interesting subject. 

Sorby regarded metals as being similar to igneous rocks. It is, however, 
impossible to examine metallic specimens in the same way as mineralogical 
sections namely, with the aid of transmitted light. The method devised 
by Sorby, and now universally used, with only slight modifications for special 
purposes, is as follows : A roughly prepared flat surface is given the specimens 
by filing, the file marks removed by rubbing upon coarse emery cloth, the 
process, of obliterating the scratches continued by successively using finer 
and finer grades of emery cloth and paper. Finally, the last scratches made 
by the finest grade of paper are removed by polishing upon a wet pad of 
thick cloth or chamois leather, with the addition of some such powder as 
jewellers' rouge as an abrasive. It is advantageous to rub the specimens 
on each paper in such a manner that the scratches produced are approxi- 
mately at right angles to those made in the previous operation. If the 
polishing be properly conducted the surface will be free from the finest of 
scratches, and in most cases will be quite mirror-like, and reveal no structure 
when examined under the microscope. It has been shown by Beilby that 
the absence of structure, on a perfectly polished metallic specimen, is dtie 
to a thin amorphous layer or film upon the specimen which is produced in 
the process of polishing. In order to render the structure visible, it is neces-. 
sary to etch the surface by applying a suitable chemical reagent, which 
dissolves the amorphous film and attacks a given constituent more readily 
than another. If only one constituent is present some of the crystals become 
electro-positive to others, and are consequently attacked at a quicker rate, 
By this selective etching the structure of the metal is developed, and can be 
examined under the microscope. 
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Fig. 10. X 150, 




Fig. 17, Structures Typical of Pure Metals (Bdwnrdtt ami Andrew) >: 
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Fig. 16 aliows the typical microstructure of a pure metal after being 
prepared in the manner just described. The differential etching which very 
frequently occurs between crystals of the same composition is illustrated 
in fig. 17. In both cases it will be noticed that the boundaries of the crystals 
do not conform to any definite crystallographic shape. This is not because 
the units, or, as they are sometimes called, " crystal bricks," of which the 
crystals are composed, are irregular in shape, but merely because the con- 
ditions under which the structure was built up were such that the primary 
units could not arrange themselves in perfect sequence. With metals, it is 
only under exceptional circumstances that the crystal boundaries show a 
well-defined crystalline shape. This is due to the fact that the primary 
neuclei, upon which the various crystals have grown, take up different 
angles relative to each other. As the crystals are growing from their respec- 
tive centres, at the ^ same time and from the same liquid, they ultimately 
intercept each other's growth. In such cases it, therefore, follows that the 
outer .shape of the. crystal is defined by the space which is left by those sur- 
rounding it. Much crystals are called allotrim'orphic crystals. 

Dr. Rosonhain and Mr. JBwon * consider that the metal at the crystal 
boundaries is in a different state to that contained in the body of the crystals, 
They nay :- A series of interstices are formed which are " smaller than the 
crystal units or bricks." The liquid residue left in these interstices will 
then be unable to crystallise, for the simple reason that there will be no 
space for the aggregation of the " liquid molecules " to form a u crystal 
molecule," and thus these portions must remain in the amorphous state. 
They also surest that it in owing to the presence of this amorphous envelope 
that the crystal boundaries' in etched specimens appear dark, on account 
of that phase being acted upon more readily by chemical reagents than the 
same metal in the crystalline state. 

It has been previously mentioned that metals and alloys which are really 
composed of crystals of exactly the same chemical composition frequently 
appear to contain crystals of different colour (see fig. 17). This appearance 
does not indicate a difference of constitution, but is merely due to the crystals 
or their respective units possessing different orientations, and, therefore, 
reflecting the light, which falls upon them, at different angles. This can be 
readily proved by using oblique illumination and rotating the specimen 
through an angle of 180'*. As the specimen is rotated the angle at which 
the rays of light fall upon the various crystal facets is changed, and crystals 
that were initially dark become li^ht and vice versd. Osmond has very aptly 
described this nilcct us resembling that resulting from the revolving light 
of a lighthouse, 

Crystal Twinning* A very characteristic appearance, which is fre- 
quently neon in metallic crystals, and is known as c " twinning," is also caiuel 
by a difference in the orientation of two or more adjacent crystals of the same 
chemical composition and constitution. Twin crystals possess a boundary 
on one side which ia common to both, and runs across their whole length or 
breadth. As those boundaries are usually perfectly straight, or consist of 
of straight linro*. when viewed under the microscope, they give the 
that they have been formed by the breaking up of a parent crystal 



* " Inttiroryntaliino Cohoimm In Metals," Joum. of Inat, of Metala, No. 2, 1912 
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Fig. 18. x 150. 




Fig. 19. Twin Crystals Viewed under Oblique Light at Different Angles, in thw 
instance differing by about 180 (Kd wards and Carpenter), x 150. 
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Fig, 20,- Twin Crystals Produced by Direct Mechanical Straining of Tin. 'x 150. 




Fig. 21, -Showing Slip-bands passing through Twin Crystals 
(Edwards and Carpenter), x 150. 
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In some instances this is unquestionably what has occurred, but in others 
it is not, strictly speaking, what has happened. Sir AlfretLKwmu l HUVH : - 
''Twinning is sometimes the direct result of straining actions, but in mow 
often produced when a metal, after having hsen strain^ in ttrmeitfetl. Th* 
nature of twinning is, perhaps, most easily intelligible if the erysUlH ara 
considered as built up of brickbats, and that after one laver hmi Iw com 
pleted the next layer has all the bricks turned round through an 
180. The result would be a twin formation. In th miero.seope, 1 
is shown by the appearance of a dark band in a cryntnl parallel to the 
portion or vice versd. Under strain twinning is indicated by an abrupt 
change in the direction of the slip bands." 

Twin crystals that have been formed a a result of Htntinim followed ly 
annealing are shown in fig. 18, and the fact that HUH uppeurunct* i* <wtntU- 
due to the orientation of the crystals is definitely indicated in ik r , It*, whirii 
represents the same area as seen in fig. 18, after rotating the .Hpeeiwen alni'it. 
180. There seems to be no clear idea of the mtwlmnittiu by \vhit-h i vun 
crystals are developed on annealing metals which have been {tr<iviuHiy 
strained. "Whether they are formed by the growth on annealing of e\cinim!,'ly 
fine twin crystals, which are formed during the mechanical deformation. 
or not, it is at present impossible to decide. Thw in a feasible exlana?j.n, 
and is in perfect accord with what little, we know of the subject, but <t> \i 
it can only be regarded as tentative. Be that m it may, it in no\v known 
that the crystals of certain metals are capable of being twinned an a re *>]:. 
of direct mechanical strains, and that the width of the.se twins varies frtn 
the excessively fine up to comparatively very broad bands. Twin cry Mai'*, 
which have been produced by straining, are illustrated in %, 2n, 

Slip-bands* This term was first introduced by Messrs. Kvviim and 
Rosenhain, 2 and is applied to the appearance which they observed upon 
polished surfaces of metals that had been subjected to slight but priuanont. 
deformation. Fig. 21 serves the double purpose of showing Klip bands, and 
the marked change in their direction as they pafw from one twin cryMul 
to another. The above workers have explained the formation of then** hhp 
bands in the following manner: During deformation the motal undtvo< 
a process of slipping or gliding upon the crystallographic plunes. which yives 
rise to a series of steps on the polished surface, and when vinwod uiiiler ihu 
microscope these minute steps are seen as parallel lines running ttcrosn th 
crystals. 

The structure of an alloy containing two constituents is shown in fi* 22, 
In this case the white constituent has been deposited from the solid wlui ion 
and squeezed to the boundaries of the original crystal*. The dark UHM* 
still contain an excess of the white constituent, which has been provonuvi 
from separating by rapidly quenching in water. With slow cooling this 
excess is readily deposited, and is seen in fig. 23. 

The structure of an eutectic alloy is shown in fig, 24, where the dark 
globular areas represent primary crystallites and the background the io.il 
outectic portion. 



n?v e In ? ?r ^ ucture of Metals," Jouni. of Inn. of MrM* t 1913, K* 
Philosophical Transactions, 1900, vol. oxciii., p. 352. 
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Fty. 22. X ir>0. 




Kg. 23. X 150. 
Showing Change of Straetm'o at Different Temperatures (Ed war ds and Andrew.) 
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Fig, 24. Butectic StruoUuro with Slight KXCOHH of ow I \ifi^ 



CHAPTER III. 



WOO- 



IRON. 

So far as can now be ascertained, the first intimation that there is any dis- 
continuity in the properties of iron or steel with a variation of temperature 
was made by Gilbert in 1600. He discovered that when a magnet is heated 
to redness it loses all traces of magnetism. No important scientific advance 
appears to have been made after Gilbert's discovery until 1868, when 
Tchernoff 1 first noticed the connection 
between the so-called critical point and 
the hardening of steel. In the year 1869 
Dr. G. Gore 2 stated that " simply by 
heating a bar of Iron bo redness, a whole 
scries of changes occur in its molecular 
structure, its magnetism, its dimensions, 
its cohesive power, its specific heat, its 
thermo-electric capacity, and its electric- 
conducting power." This was followed 
1873 by Professor W. R Barrett's 3 



in 



discovery of the phenomenon known as 

" recalescence." He found that if a piece 

of steel, and especially a steel containing 

about 1 per cent, of carbon, be heated to ? 500- 

red heat, and then allowed to cool, it 

progressively . becomes darker until a 

certain temperature is reached, when 

there is a sudden evolution of heat, which 700 ^ 

is sufficient to raise the temperature 

of the mass, and render it perceptibly 

brighter. 

The next addition to our knowledge 
of this subject came from F. Osmond 4 
in 1887, and was a most noteworthy ^g* 26- 

qualitative and quantitative advance. 

With the aid of the thermo-electric pyrometer devised by H. Le Chatelier, 
Osmond was the first to determine the thermal data for iron and iron-carbon 

1 TchernoiE!, Paper communicated to the Imperial Russian Tech. Society, April 

2 " On the Molecular Movements and Magnetic Changes in Iron at Different Tem- 
peratures/' Phil Mag. 9 4th series, vol. xl., p. 177, Sept. 1870. ^ 

" On Certain Molecular Changes occurring in Iron Wires at a Low. Ked Meat, 
Phil Mag., 4th series, vl. xlvi., p. 472, 1873, , 

4 " Transformations du fer et du carbone dans les fer, les aciers et les fontes blanches, 
Memoirs de V artillerie de la marine, vol. xxiv., p. 573, 1887; also "Critical Points, of 
Iron and Steel," Iron and Steel Inst., No 1, 1890. 
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alloys when heated and cooled. A derived differential cooling curve of 
pure iron is shown in fig. 25. It will be observed that on cooling iron 
there is an abrupt arrest in the cooling at 900 C., which is caused by the 
evolution of a considerable amount of heat in the specimen. 

Immediately after this thermal disturbance there is a marked acceler- 
ation in the rate of cooling. A second retardation in the fall of temperature 
then becomes evident at 760 C. A third point occurs at 700 t C., with the 
introduction of carbon to iron, and this point increases in magnitude as the 
percentage of carbon is raised to about 0-90. Following Tschernofi, Osmond 
applied the letter A to the critical point associated with the hardening of 
steels. Since, however, he found more than the one criticaJ point, and dis- 
covered that they had different physical meanings, it was necessary to dis- 
tinguish between them, and he introduced the terms A l9 A 2 , and A 3 , A 3 being 
applied to the change which occurs at the highest temperature namely, 
900 C.A 2 for the arrest at 760 C., and A x for the point' due to carbon at 
700 C. It frequently happens that the temperatures at which these critical 
points are observed are not exactly the same when the specimens are heated 
as when they are cooled, and on that account it was necessary to introduce 
a further distinction in order to denote whether any particular thermal 
change under discussion occurred during heating or cooling. 

In order to meet this need Osmond introduced the letters c for heating 
(chauffage) and r for cooling (refroidissement). Thus the expression Ar 3 
is used to denote the evolution of heat at 900 C. when pure iron is cooled, 
and Ac 3 for the absorption of heat, which corresponds to the reverse change 
when the metal is heated. 

It is fairly obvious that these thermal changes, which occur in almost 
chemically pure iron, must be brought about by some internal crystalline 
or molecular transformation inside the mass, and whilst it is universally 
considered that the change which occurs on cooling at 900 C. is due to an 
actual allotropic transformation in the iroB- itself, there has been and still 
is some uncertainty in regard to the physical interpretation of the Ar 2 point. 
In view of this, it is of some importance carefully to note the interpretation 
which .Osmond gave in his pioneer work. He said : " Since the point Ar 3 
is the more individualised the nearer the iron approaches to purity, it is 
evident that this point corresponds with a molecular modification of iron. 
Iron is a polymorphous element like sulphur, silicon, etc. In the present 
state. of our knowledge, it is difficult to .say whether Ar 2 is a second distinct 
molecular modification of Ar 3 , or whether it is simply the end of Ar 3 retarded 
by the presence of a little carbon. , , It is merely probable that Ar 2 
is the retailed end of Ar 3 . I, therefore, accept this view provisionally, and 
until it is disproved, and shall assert that iron below Ar 2 possesses the mole- 
cular form a, and assumes above Ar 3 the allotropic form /?. Between Ar a and 
Ar 2 , when these two points are distinct, the metal is a mixture of the two 
variations a and /?." 

In discussing the theoretical cause of hardening steels by quenching, 
Osmond made the statement that " /?-iron is hard and brittle by itself at 
the ordinary temperature, and that a-iron is soft." A cooling curve of 
electrolytic iron published by Roberts- Austen l shows, in addition to the 

1 Fifth Report to Alloys Research Committee, Proc. Inst. of Mecli. tings., 1899, 
p. 35; 
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Ar 3 and Ar 2 , two evolutions of heat which occur at about 487 and 
261 C. These two points were observed after the specimen had'b^n 
heated in ^ to 1 300* C. three successive times; ES^'j^ 
heatings of the metal tn vawo thsy become so small that it is impossible 
to identify them with certainty. Hence there is little doubt that thev are 
due to the presence of hydrogen occluded in the iron. Roberts- Austen also 
found that the presence of hydrogen increased the magnitude of the Ar 
and Ar 2 points ; but this increase could be eliminated by repeated heating! 
in radio. 6 

Professor Arnold 1 found that the recalescence of Ar, occurs much more 
sharply and between narrower limits of temperature wWliydrqgen and other 
occluded gases are removed. In no case, however, has it been found possible 
to eliminate, by heating for very prolonged periods in vacua, the points Ar 3 
and Ar a of the purest iron yet experimented with. Judging from the experi- 
mental evidence he obtained from iron containing 0-04 per cent, of carbon 
ProfosHor Arnold 2 concluded that the point Ar 2 was not in any way connected 
with the point A% Arnold considered that Ar 2 was a physical point due 
to the pasHagc of hot iron from a plastic to a crystalline condition. 

In tho discussion on this paper Osmond stated that he himself found 
that Ar 2 , and, not as he originally supposed Ar 3 , corresponds to the loss of 
magnetism winch occurs when iron is heated, which supports the view that 
there is a decided difference between Ar 3 and Ar 2 . In consequence of this 
individual existence of Ar s and Ar a Osmond concluded that there are three 
distinct allotropic varieties of iron viz., a, /?, and y. The ranges of tem- 
perature in which these varieties exist are a-iron from to 760 C. ; fi-iron 
from 760 to 900 C. ; and y-iron from 900 to 1,505 C. 

Jn recent years there has been a tendency to revert to Osmond's original, 
or a somewhat modified interpretation of the Ar 2 point, and regard it as 
the lower limit of the Ar s change. An excellent summary and criticism 
of the data bearing on this question has been published by Benedicks, 3 and 
the subject is further discussed in papers read by Stead and Carpenter, 4 
and by fcJauveur, 5 before the Iron and Steel Institute. 

Benedicks suggests that the Ar 2 point is due to the a-iron holding a certain 
limited amount of y-iron in solution. According to this view, iron at tem- 
peratures between *J(K> W and 700 C. consists of a solid solution of molecules 
of y-iron in cryHtallined a-iron, which possesses different properties from its 
constituents. This idea certainly seems theoretically possible, and should 
be carefully taken into consideration. It is, however, necessary to remember 
that it is only a suggestion, for Benedicks himself says : " The possibility 
o! A 2 corresponding to an actual discontinuity can certainly not be denied. 
. . ." With the view of testing this theory, Carpenter carefully deter- 
mined the heating and cooling curves of exceedingly pure electrolytic iron 
containing 99*967 per cent, of iron and only 0*008 per cent, of carbon. 

1 Discussion, Second Bo)>orfc Alloys Research Committee, In$t. of Mech. Enga. 9 1893, 
p. 102. 

' J< * The Physical Influence of Elements on Iron/' Iron and Steel Inst. Journ., 1894, 
No.Up.UO. 

3 Jo-urn, of Iron and *%eel 7*urf. f 1912, No. 2, p. 242 ; 1914, No. 1, p. 407. 

4 Carpenter, Journ. of Iron and Sieel In*t., 1913, No. l t p. 315; 1913, No. 2, p. 119. 
& Jvurn* of /row and Mteel InM., 1913, No. 2, p. 171. 
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Typical curves taken after repeated heating and cooling in vacua are shown 
in fig. 26. It will be noticed that on cooling there is only a slight indication 
of a 'point beginning at about 760 C. and reaching a maximum at 
743 C., whilst on heating there is no evidence of the corresponding 

change. At. this stage it should be noted 
that thermal transformations are seldom so 
well defined on heating as on cooling curves. 
The accumulated evidence certainly indicates 
that the Ar 2 point decreases in magnitude as 
the purity of the iron is raised, but at present 
it would be unwise to assert that Ar 2 would 
be entirely absent in chemically pure iron. 

As regards Benedick's suggestion, perhaps 
the most decisive test to apply would be to cool 
the purest iron to below the Ar 2 point, then 
heat it to a temperature below 900 C. (Ac 3 ), 
and again cool. If Benedicks' theory be correct, 
the Ar 2 ought not to appear after this treat- 
ment, because all the y-iron molecules should 
be thrown out of solution with the first 
cooling, and it would seem impossible for them 
to redissolve at temperatures below 900 C. 
This experiment has not yet been made. 

Whatever the true solution of this highly 
theoretical problem maybe, the fact remains 
that in ordinary iron there are two thermal 
changes on cooling one at 900 C. and the 
other at 760 C. Whether the 760 C. point 
is or is not a true allotropic transformation is 
a matter of little importance. In any case it 
possesses all the characteristics of, and practi- 
cally may therefore be regarded as, an allotropic 
change. 

When at temperatures within the three 
ranges, to 760, 760 to 9&0, and 900 to 
1,505 C. that is, when in the a, /?, and y 
condition the properties of iron are remark- 
ably different. Thus, cwron is magnetic, it 
will not dissolve carbon, and the crystals do 
not seem capable of twinning ; /?-iron is non- 
magnetic, it- will dissolve little or no carbon, 
and will not form twin crystals; y-iron is non-magnetic, it will readily 
dissolve carbon, and will form twin crystals. 

Magnetic Properties* 

. Curie's a determinations of the magnetic intensity of iron with varying 
temperature show a well-defined change (fig. 27) at a temperature of about 

l " Properties maguetiques des corps," Annaks de Chimie et de Physique, 1895, 
sene4, vol.v,p. 289. 



Fig. 26. (Carpenter). 
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760, which corresponds with A,, and a second break at (000 (X) the Arj 
point. Weiss and Foex * have also confirmed these results, but by plotting 

the inverse magnetic intensity ~- gainst temperatures they obtained a 
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diagram (fig. 28) wherein the diHcontinuitieM arc brought more into promi- 
nence. 

Dr. K. Morns 1 has determined tha magnetic permeability mid hytrain 
of pure iron at temperatures up to about 1,06U U. Fig. 21) in one of the curve* 



v 



500 



m 

Fig. 28, 



from Dr. Morris* paper. From this curve it will tp that thera iff a plight 
rise in the permeability as the temperature reaches about IStT U. ; thi* 
isjollowed by a fall at 200 G. Another marked increase then evident, 

and reaches a maximum between 400 and 800 C. There ia a most remark- 

1 Archives dt* NCIGWU, Oealv r 191 1, 4. TO!, xxxf., p. 8t. 

1 Phil. Mag., Sept. 1807. 
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able change beginning afc 570'* C., ihc permeability rapidly int rt-am: with 
the temperature until 700 0. fa rttclul, after which it imUlu!y Aru^* to 
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zero. This change correspond^ with the a:-:// inversion. If i* 4 iiiti'ri'Minjj; 
to note that the magnetic permeability in by no wt*an.H n'vhv?iM* at a f *uit 
900 C. 

Dilatation. 
The curves showing the variations in the vo!mm% of iru \\i\\\ n^iuj; 
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temperature, as drawn from Charpy and Grenet's 1 experiments, are shown 
in fig. 30. These two curves, obtained from irons containing 0-07 and 0-03 
per cent, of carbon, clearly show that even such small differences in carbon 
content exert a very decided influence upon this property at temperatures 
approximating to that of the A 2 change. Thus, as the temperature rises 
to about 760 C., the expansions in both cases are quite continuous. From 
that temperature upwards the character of the two curves is different, but 
at 900 C. (which corresponds to the A 3 point) the sudden contraction which 
occurs is practically the same in each case. 

Electrical Resistance, 

The variations in the electric resistance in iron, with rising temperature, 
ha^ been determined by Boudard,* who found that there are marked changes 
in this property at 770 W C. and at 890 C. 



Specific Heats of Iron* 

The specific heats of iron, as determined by Dr. Harker, are shown in 
Table I, From these figures it will be seen that there is a marked change 
at 900" (j. There are other cliaeontmuities at lower temperatures, but 
they are too irregular for them to be associated with any definite physical 
trttUHfornuition. 

TABLK 1 MEAN SPEC/TOO HEAT BETWEEN and T .-~S ft T . 



T. 



200 

250 
300 
3150 
400 
450 
500 



1175 

-1204 
1233 
-1257 
1282 
1311 
1338 



r. 


flt*. 


X. 


So*. 


550 


1361 


850 


1647 


000 


1398 


900 


1644 


650 


1440 


950 


1612 


700 


1487 


1,000 


1557 


750 


1537 


1,050 


1512 


800 


1597 


1,100 


1534 



Structure of Iron* 

The microfitructure of pure iron, when it is in a normal condition at the 
ordinary temperature is shown in fig, 31 at a magnification of 200 diameters. 
ID this instance the etching of the polished surface was made by immersing 
the specimen in a 1 per cent, solution of nitric acid in alcohol for about 
half it minute. Under these conditions only the general outlines or boundaries 
of the crystalline aggregates of the mass are rendered visible under the 
microscope, which are sees in the photograph as polygonal grains. This 
network does nou give any definite indication of the true crystalline character 
of the metal itself, or, in other words, of the numerous crystalline units of 

1 Bulletin d la 8oc4U d* Encouragement, 1903, vol. oiv., pp. 464-882. 
f /rw* and Meet /*., 1 003, No. 1, p. 290. 
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which those grains are composed, because under the usual tonditicms which 
prevail in the manufacture of iron, the crystal units have not ftuiiicwut 
time and freedom to arrange themselves in such a manner that the eryaulliiw 
aggregate shows true crystal faces. The true crystalline habit of iron him 
formed the subject of many researches, and the problem has kt*n attacks! 
in a number of ways. 

Dr. Percy states that Wohler 1 obtained cubic crystals from cast-iron 
plates which had been exposed to a white heat for a lonx tiwe inn! 
octahedral crystals from tfae cavities of a large uiihound cast iron roll. 







Kg. 31. Structure of Pure Electrolytic Iron (ftttttd and <'nri*nitt). 

Dr. Percy 2 also refers to a flat bar of iron which h! Wn nllow^l to 
remain for a long time in a pot of molten glass, in which ho foum! tl,,. r|,.,mi k ' 
planes arranged perpendicular to the external urfacc. 1'lw xiirfa.-.- >/ ihm 
bar was covered with fine hexagonal markings. H dm> HttrM ilmt i'n.f. 
maf rates g6 ' Bessemer iron to coniiwt <f an natr^mwn f 

t inm ^^a'lwrtJ in th<> mLio 



Working on the micro-crystalline structure of UIKC niawnn f vm- imro 
wrought iron which had been very slowly cooled from a whit* lit T 
Andrews* observed that the linear dimensions of whl L ,1m- U , 1 
pnmary crystals would average about 0-01 inch, buj ^ ^ " 

* John Percy, Iron a<2 8Ud, 1804, p. 3. 
2 Ibid., p. 3. 



4 Proc. Roy. Soc,, vol. lvm. 9 pp. 50.04. 
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these were built up of units of much smaller size. He made measurements 
of the angles of the facets of these units, or, as they are frequently called, 
molecular crystals, and found that in most cases the angle readings were 
about 120, which suggests that the crystalline structure or form of the 
metal is hexagonal. He also observed perfectly formed cubical crystals. 

A very substantial advance to our knowledge in this direction was made 
by the publication in 1898 of a paper by J. E. Stead. 1 In this paper it is 
conclusively shown that when iron is in a stable condition at temperatures 
below 760 C. i.e., in the a form it crystallises in the cubic system. One 
of the photographs which Stead then published is shown in fig. 32, where 
the cubical form of the crystalline units can be very clearly seen. In the 
same paper, moreover, many facts of great value, regarding the effect of 
thermal treatment upon the structure and properties of pure iron, were also 




jTio- 32 Crystalline Character of the Interior of Large Crystals revealed by Deep 
" ' Etching (Stead). 

brought to light, which also have a Direct bearing upon the allotropic con- 
ditions in which iron is capable of existing at high temperatures. He found 
that " in pure wrought iron and low carbon steel having fine crystal grains, 
produced either by forging or certain heat treatment, the grains increase 
in size slowly at 500 C., and more rapidly as the temperature is raised to 
about 750 C., and it is possible by heating at about 700 C. for a few hours 
to develop granular masses of exceeding coarseness." He also pointed out 
that when pure iron which had been made coarsely crystalline in this way 
was heated between 750 and 870 C. the structure was not altered ^to an 
appreciable extent, but as soon as the temperature of about 900 C. was 
passed, the coarse crystals were again broken up into small ones (see fig. 33). 
Further heating to 1,200 C, did not produce any apparent difference in the 
dimensions of the crystals. 

* Iron and Steel Inst., 1898, No. 1, p. 145. 
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These facts are very interesting, because they leave no r<>iw f* dMil>t 
that on passing through the A 3 point at Uixr' U, iron uniier^tH'* u ittvitlt4 
change in its crystalline condition. Thus, when very n *>**< ^ratnn uf l l jr*u 
are heated from just below 900 C. to a temperature junt ulmvo i*m r. thiy 
are transformed in y-iron, and this change is accoiuimniini by n rtu-rvMiillu. 
ation of the whole mass, which gives rise to much ttnitilivr (*ry*u!;t, 

Dr. Stead and Professor Carpenter 1 have ftnnitl that tin* bt'lmviuisr **( 
thin strips of very pure electrolytic iron differ* in many way* frw that .4 




Natural Sisso, 
Fig. 33. (Ntetd). 

ordinary wrought iron or mild steel Tlnw, tlia 

not become . coarsened b 

T?! ^r f H 8teel Tho 
onf^? ^ture of mild rtodg, ^ 

above 900 C.-actually brings about excessively rapid 

t^^i J Ms par f ular effcct on 'y ^ ! " N 

the thickness of the iron sheet or strip does not exr*M n r 
figure, which is between OO11 and 0-012 of an inch. In tho < 

1 /ri and Steel lnst. t 1013, No. U, p. i|,0, 
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lytic iron the crystal growth occurs after the material has cooled below the 
Ar s change, and takes place BO quickly that only three seconds are required 
for it to be completed. It can be entirely prevented by quenching the strips 

from temperatures above the Ar a point. 

Fig, 34 is an extremely interesting example of crystal growth. It repre- 
sents the structure of electrolytic iron, in which the outer edges of the specimen 
were heated to above the Ac, point, but the central portion did not reach 
that change before the sheet was again cooled. Hence the crystals in the 
centre have remained practically unaltered, whilst those in the outer parts 
have grown to a remarkable size. 

In neither of the publications just referred to were the investigators 
able to detect any change in the crystalline structure of iron at temperatures 
corresponding with the A a thermal transformation. 

By etching specimens of iron in fused calcium chloride at different tern- 




Fig. 34. Showing Coanw Crystallisation in Electrolytic Iron by Boating above 
Ac t Chnn^t* (Kttnd and Carpenter). 

peraturcH, Suniter l endeavoured to determine the crystalline changes as 
the metal paases through Urn A 3 and A 2 points. The results he obtained 
were quite in t creating and instructive. When etched in this way at tem- 
peratures above the A 3 point the metal gave unmistakable signs of crystal 
twinning, and the boundary linen of these twins seem to indicate that iron 
when in the y rontiition i in the form of rhomboid crystals. At lower tem- 
peratures no twinning wan observed, and no change could be detected as 
the metal pinwinl the A s point. Osmond and (Jartaud 2 have paid considerable 
attention to this subject, arid arrived at the following conclusion : " The 
only positive conciuaion that we can draw from these researches is that 
the three allotropic varieties of iron, although they all crystallised in the 
cubic system, present well-defined specific characters, and cannot have the 
same internal structure.'* 

It is known that there art three varieties of the cubic system : the simple 

1 Jtmr*. Iran and 8leel Intl., 1897, No 2. 
1 Ibid., 1906, vol. iii. 
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nly has intersections at its summits; the cwitml cube which 



occur on panning through the 
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A 3 point, it would seem that at that temperature there is a much more radical 
change in the crystalline nature of the element. 

Working on the structure of iron at high temperatures, Uoaonhain and 
Hjimprey 1 obtained evidence which indicates that between U * and UHHr' 0. 
iron can exist in three distinct modifications which posness widely different 

1 Proc. Roy. Soc., A, vol. kxxiiu, 1000. 
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mechanical properties. .Although the temperatures were not exactly deter- 
mined, they considered that the changes were coincident with the points 
A 3 and A 2 . These authors were also the first to demonstrate that iron at 
high temperatures in the y state undergoes deformation on straining 
by a process of slip on the cleavage or gliding planes, which may or may not 
be accompanied by mechanical twinning. 

In a later publication the same investigators x have made very careful 
determinations of the tenacity of mild steel at temperatures up to 1,000 G. 
The results they obtained are graphically illustrated in fig. 35, where 
the tenacity in pounds per square inch are plotted against temperatures. 
It will be observed that there is a marked change in the mechanical properties 
of the metal at 900 C. A similar but much less decisive break occurs at 
about 750 C. The composition of the material experimented upon was 
as follows : 

Carbon, 0-106 per cent. 

Manganese, 0-395 

Silicon, trace 

Phosphorus, ..... 0-050 

Sulphur, 0-075 

Perhaps the most remarkable fact which was brought to light in this 
vork was that iron when at a temperature just above 900 C. has a higher 
tensile strength than it has when at a temperature between 730 and 900 C. 
Therefore, it seems quite safe to conclude that y-iion is a hard variety 
of the metal. The change of direction shown on the curves between 850 
and 900 C. is difficult to understand, unless it is due to the gradual increase 
in the amount of solid solution present as the temperature is raised. 

1 Iron and Steel Inst., 1913, No. 1. 



OHAFTKR 



THE CONSTITUTION OF THE IRON-CARBON 
SYSTEM EQUILIBRIUM DIAGRAMS. 



IN a previous chapter attention has been drawn to the fml that f hi* tempera 
tare at which an element passes from the liquid to th^w.hd Mati*. iiiii uN. 
that at which it changes from one allotropir modiiinUion into unothiT. m.- 
materially influenced by the presence of foreign element if may hld in 
solution. The effect of carbon' upon iron is ntron^ly nwrlimh !* i-\aiujk 
the temperature at which pure liquid iron Holidiiifs is UA** <" ! whrr-MH 



when iron contains about 4-0 per cent, of carbon in olutnn thr 
remains perfectly liquid down to 1,1$)" (1 

Much smaller quantities of carbon exert a remarkable miiuen-e ujn 
the temperatures at which the thermal critical points A ;l and A^ -rur Ai 
these changes are accompanied by certain more or Uw^ \\A\ defined ahrr.t 
(ions in the properties of the pure metal, and also of its alloy, H i* |tni* 
evident that the action of the carbon in twofold. Firnt, by rtHiilniiiim \utit 
the iron, it imparts certain properties to the alloy i'haract*ri.Htir H! lii* i na 
pound which is formed; and, secondly, it- delaVH or lower* th<* ti'iujMTanni* 
at which the normal transformations take place. Both the*e farttir* iu*ik* 
it necessary to modify the practical treatment of the resulting hteel, iirruriiin.^ 
to its particular composition. In other word*, th bent ten*jH?ratureh <nr 
casting, annealing, and forging, etc., depend upon the rumpo.Hittnii of fl*' 
steel. The first requirements in the scientific ntudy of rarlM>n *h**ls nr 
a thorough knowledge of the chemical conjj)ownd and c*w*tjtwt* tliat 
iron and carbon are capable of forming, tlui range.H of TeittiM*ratun* and 
composition in which those constituents are capable of exintiii^ for an tit 
definite period, the conditions which bring about their diH*ormtiin, and 
the means by which they can be retained at. temperature out*td<* their 
stable region. The importance of a complete undewtiuidin^ *>l tli**e *-ii$ 
siderations, so far .as they are now known, in regard to iron-earUm alhy.-, 
is by no means confined to carbon steels, but extend** to what are nilii'd 
special steels i.e., those containing other element M which have been wim 
tionally added. All these considerations are either enilnMlied in. or may 
be deduced from, the equilibrium diagram, which may, therefore, U 
justly regarded as a most important chart in regard to the* iuitnlhvy of 
steel. 

Karsten 2 (1824) was probably the first to observe that wliiin 

1 H. C. H. Carpenter, Journ. Iron and Steel /*'., No, 3, p. 2IMI. 
* Archiv fiir Berglau und Hiittenwe#en t vol viii. r p. 3, 
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steels were dissolved in dilute hydrochloric or sulphuric acids a carboni- 
ferous compound waa always left as a residue. Similar observations were 
made by Caron l and by Rinman,* and the latter gave to this residue the 
name u cement carbon." Sir R Abel 3 confirmed Karsten's observations, 
and by acting upon the drillings with a solution of potassium bichromate 
and Bulplume acid, found that the residues contained 6-7 per cent, of carbon 
and 93-3 per cant, of iron. These percentages correspond with the formula 
FcjjCX He obtained as much ^as 1)6 per cent, of the total carbon contained 
in the steel as a carbide residue. Miiller 4 and Ledebur 5 also found the 
same results by iming very dilute sulphuric acid. The acid was allowed to 
act upon the steel at atmospheric temperatures for several days, a current 
of hydrogen or coal gas being maintained to prevent contact with the air. 
By treating the carbide with hot acid it is decomposed with the evolution 
of hydrocarbons. Arnold and Read 6 obtained results which confirmed 
Abel's work. They employed an electrolytic method, and obtained the 
carbide almost chemically pure in the form of plates. Osmond and Werth 7 
also isolated the carbide, Fo 3 0, and found that if the steel be dissolved in 
cold nitric add (i-8 to 1*20 specific gravity), there remains in the first instance 
a brown fiocculent residue which contains 44-59 per cent, of carbon. 8-05 
per cent, of iron. 22 -5 of water, and 24*8(5 per cent, of oxygen and nitrogen. 
Thin readily dissolves when the liquid is heated, and imparts a brown 
colour to tlie solution, which forms the basis of the Eggerts colour test for 
carbon. 

Although the molwular formula of the carbide of iron is generally re- 
garded Fe a (\ it is not known with certainty. It might, for instance, be 
l 4 V ft C 2 or Fe,,C;j. Sir Robert lludftcld has recently offered a substantial prize 
for the elucidation of the problem, and with the object of stimulating research 
in this direction. 

The next advance was made by F. Osmond, 8 who, in his original paper 
dealing with the Ar 3 and Ar a critical points of pure iron, gives a detailed 
account of the effect of carbon upon those points, and shows that the presence 
of even small quantities of carbon gives rise to an entirely new critical point 
at 710 ' C., which he described as the Ar x , or carbide change. He found that 
in proportion to the increase in the amount of carbon present, Ajc 3 is rapidly 
lowered and first joins Ar a , then what may be called the double point Ar 3 
and Ar 2 descends in turn, and finally coincides with the Ai^ point in the 
presence of about (H) per cent, of carbon. Hence in the case of steels con- 
taining 0-9 per cent, of carbon only one, rather large, evolution of heat occurs 
viz., the Arj, or, as it is sometimes called, the Ar 3 , 2 , x point. 

Sir W. Roberts-Austen made many researches, and was the first to 
attempt systematically to determine and graphically represent the whole 
of the thermal transformations through which the iron-carbon alloys pas?, 

1 Cftmpl* Rendu* d l*Ac*ademie de$ Sciences, vol. i., vi., p. 43 

* Erdmann's Journ. ftir Prakiuche Chemie, vol. c., p. 33. 
3 Engineering, vol. xxxix., pp. 150 and 200. 

Stahl und A'wei*, 1888, p. 291. 

* Ibid., 1888, p. 42. 

J&urn. Cham. 8oc. 9 vol. fotv., p. 788. 

7 Annolet de$ Mines, Series 8, vol. viii., p. 5. 
Journ. Iran and Slml In*t., 1800, No. 1, p. 38. 

Proc. In*t. Mech, Kng*. f 1899, p. 36. 
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on cooling from temperatures at which they are quite liquid down to about 
2(K) 0. (fig. 36). It was from Osmond and Roberts- Austen's data that 
Roozeboom l constructed an equilibrium diagram to develop the theoretical 
constitution of the iron-carbon series. This diagram, which is shown in fig. 
37, was admittedly tentative, and later on Professor Carpenter and Mr. 
Keeling 2 made very careful determinations of the thermal changes (see 
curves, figs. 39 and 40). In addition to confirming the main changes found 
by Roberts-Austen, and making certain corrections in regard to tempera- 
tures, they found two other thermal changes which had not been noticed 
by previous investigators. They did not, however, construct another diagram 
as a result of their work, but simply introduced their observed points on 
Roozeboom's diagram (fig. 38). 
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Gutowsky has determined the soEdus line for mixtures coutaimBg 
than about 2*0 per cent, of carbon, by quenohing small Motions from various 
temperatures and subsequently examming them under the microscope. 
In this way the presence of any liquid which may exist at the temperature 
from which the alloy was quenched can be detected in the specimen as circular 
white areas inside the crystals or as white envelopes around them (see fig. 4 1). 
The part wluch was liquid at the high temperature etches differently in 
the quenched specimen, because it contains more carbon than the part 
which was solid, and the quenching prevents the carbon being again 
distributed by diffusion. The solidus, as determined in this way, is shown 
in fig. 42. 

Journ, Iran, and Steel Int., 1900, No. 2, p. 311 
9 Ibid. f 1904, No. 1, p. 224. 
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In 1908 Upton > published a modified equilibrium diagram, which include* 




Fig. 41. -Alloy Quenched from Temperature at whoh it WM partly 
White Boundaries and Circles represent Part* that wwro Liquid. 

the two critical changes found by Carpenter and Keeling He coawier* 
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Fig. 42. 

that these two changes correspond with transformations in the chemical 
1 ,4 wen Jowm. PAyA, Chem., vol. xii. f No. 7, 1908. 
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constitution of the' iron carbide. A totally different type of diagram, which 
is known as the stable, or iron and graphitic carbon diagram representing 
the true equilibrium conditions of these alloys as they are understood by 
Benedicks, Ruer, Le Chatelier, Charpy, and others, has also been published. 
It will readily be seen that it is not a simple matter to give a clear description 
of the constitution of this series, because there are still many details 
which require careful investigation. When considering steels alone, however, 
this difficulty is not so great, because many of the controversial questions 
may be left out of consideration. , Broadly speaking, there is no fundamental 
difference of opinion as regards the changes which occur when steels are 
heated or cooled under normal conditions. Hence, in the general discussion 



I50(t 
14-00' 




Fig. 43. 

of the solidification and subsequent cooling of steel, it makes no real difference 
which of the modern diagrams are taken, At a later stage, however, it will 
be necessary to consider in some detail the prevailing ideas relating to the 
conditions upon which there is some uncertainty, but which may have a 
possible bearing upon the subject under examination. 

Taking Roozeboom's diagram with G-utowsky's modified solidus (fig. 43) 
as representing the constitution of the iron-carbon system, the changes which 
steels undergo on cooling are as follows : 

The vertical ordinates represent temperatures, and the horizontal ordinates 
correspond with the percentages of carbon and iron contained in the alloys. 
The slightly convex liquidus curve AB indicates the temperatures above 
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which any particular alloy of known carbon content in perfectly liquid, and 
also the temperature at which it will deposit its first crop if rry.stals :is the 
mass cools. These solidifying or freezing tempera! uren ran be rnuiily HHI-IT. 
tained by projecting a vertical line from a point on the horizontal ordinal*** 
which corresponds with the desired percentage of carbon, and anting the, 
temperature indicated by the point at which that line intersects the liipiidu.** 
curve. The liquidus curve clearly indicates how the free/.iiu? temperature 
is influenced by the amount of carbon prenent f.r/. there is it eoniinuoiw 
fall from 1,505 0. for pure iron to 1,130 (J. for a mixture containing about 
4*3 per cent, of carbon. 

The solidus lines A OBI) represent the temperature Maw whieh th 
various mixtures are perfectly solid. It will be nut iced that flu 4 solHua 
for the series containing less than 2-0 per cent, of carbon that is, tlmsn 
steels which fall to the left of the, point (.' in a sloping line, whilst fur those 
steels containing more carbon it is horizontal. Thin is benuiKe tin* rry.stal* 
that are deposited from the liquid in the former are constantly t'haniMn^ 
in composition during the period of solidification, but in the latter, \\hut 
ever the initial composition of the alloy may be when flit* temperature of 
the line C B D is reached, the composition of the* liquid always corresponds 
with the eutectic alloy which solidifies at a constant temperature without 
any further change in composition. 

Alloys containing less than 2*0 per cent, of carbon when quite solid 
consist of a series of homogeneous solid solutions which are of the *am* 
constitutional character. They contain all the carbon as rarhidf of iron 
held in solution by the iron which is in the j condition. At lower tentperat UIVH 
this group may conveniently be subdivided into three f nil her elasses, \vhieh 
pass through somewhat different changes an they cool to temperatures just 
below the line def, 700 0. They are (a) those containing less than n*ir> 
per cent, of carbon, (I) from 0-45 to 0-90 par cent, of carbon, and (r) from 
0*90 to 2-0 per cent, of carbon. 

The effect of carbon upon the Ar 3 and Ar a critical points of pure iron 
is clearly illustrated in the series of cooling curves shown in figs, ,TJ and -i<, 
and the points or ranges seen on those curves are, represented by the lines 
a c and c e in the diagram, fig. 43. From the curvoK it will IK* aeeil that even 
small quantities of carbon have a marked lowering effect upon the, tempera- 
ture of the Aip change, and with about 0-45 per cent, of carbon Ar, becomes 
practically coincident with the Ar 2 change. AB the carbon m Mill further 
increased the double change Ar a + Ar 2 is progressively lowered, until, with 
0-9 per cent, of carbon, only the Ar x or carbide, change is evident. 

As is clearly shown on the cooling curve of a steel containing only u-12 
per cent', of carbon, the Ar x change appears almost with the first introdurtton 
of carbon to iron. The precise meaning of the various lines in the iron-curb* m 
diagram will no doubt b6 more readily understood by givmg a detailed 
description of the Changes through which certain typical steels pans an they 
cool from the liquid state down to ordinary atmospheric temperatures. 

The carbon content of a steel represented by the point r, fig. 43, IB 0-5 
per cent. At the temperature x it is perfectly liquid, and remains in that 
condition as it cools until the temperature x\ 1,475 0., is reached. At thin 
stage the mass begins to solidify by the deposition of a number of nolid 
crystals. The composition of the crystals that are formed at thi period 
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is represented by the point x" ; they contain 0*10 per cent, of carbon, ox 
0-40 per cent, less than the liquid from which they were formed. Jn con- 
sequence ot this selective separation of relatively pure crystals the remaining 
liquid becomes correspondingly enriched in carbon, and as the freezing 
temperature of steel is lower the higher the carbon content, it follow*) that 
this secondary liquid must possess a lower freezing temperature* than the 
initial mixture. Therefore, before it is possible for any more crystals to be 
formed from the liquid the temperature of the mass must be lowered. With 
this necessary fall in temperature a second crop of crystals is formed and 
deposited upon those first produced. As the chemical composition of the 
crystals deposited is governed by the actual composition of the mother liquid, 
the second batch of crystals contains a slightly higher percentage of carbon 
than those formed in the first instance. With ideal theoretical conditions - 
that is 5 if sufficient time were allowed during the solidification period >tha 
slight difference in the percentage of carbon contained in each successive 
layer of crystals would be neutralised by the process of diffusion. 

In the ordinary freezing of an ingot, of steel the conditions are not sue!* 
&s to permit of complete diffusion, and it in, therefore, practically impossible 
to get the theoretical progressive change in the composition of the solid 
and liquid during the solidification period. If the rate of cooling could bo 
kept slow enough to allow of perfect equilibrium being PKtablishini, the 
last trace of liquid to be converted into solid from the steel, j\ fig. 43, would 
have the composition x fff . In proportion as the cooling is quicker than 
is theoretic-ally demanded, the composition of the. liquid will he thrmvn 
more and more to the right of x. The compositions of the crystals and the 
liquid that are in equilibrium with each other at any temperature can br 
determined by drawing a horizontal line at the desired temperature to meet 
the solidus and liquidus curves, the points of intersection representing this 
composition of the liquid and solid phases. 

Turning now to the changes which occur in carbon Btaeln as thay cool 
from temperatures at which they are just solid down to just below 7<Mi" i\ t 
it will perhaps be well to describe in detail the cooling of one member of thu 
three groups already mentioned. 

It has been previously stated that the addition of carbon to iron lowers 
the Ar a change, and when 0*45 per cent, of carbon is present it is coincident 
with, or, to be more correct, commences at the same temperature us the 
Ar 2 point in pure iron. This in the first natural aubdivision of the carbon 
steels, and comprises a series which undergo the name physical changes iw 
they cool On cooling a steel containing e.0., 0-20 per* cent, of carbon 
(s, fig. 43) from temperatures just below the solidus line- -it remains con- 
stitutionally the same until it reaches the point / (fig* 43) (840 n C.) t when 
it begins to deposit a certain amount of p-iron from solution; ami since 
this form of iron will not hold carbon or carbide of iron in solution, or at all 
events only a very limited amount of that element, the remaining j solution 
from winch the /?-iron separated is relatively enriched in carbon, AH a further 
result, the temperature at which it is possible for more (i-inm to separate 
from the secondary y solution is lowered, and it is necessary for the tem- 
perature to fall a little before the amount of /J-iron can increase. This kind 
of change, in the carbon percentage of the 7 solution and growth of /I4nm, 
proceeds as the temperature falls, and is exactly similar to the separation 
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of a pure salt from an aqueous solution, or that of a pure metal from u liquid 
alloy. It will, therefore, be seen that the presence of carbon mo.tiiie.i the 
ordinary y-iron into /J-iron change of pure iron, which is theoretically Com- 
pleted at one temperature, by making the change extend over u rang** of 
erature. When the temerature of the steel is 7t0" 0., co 



temperature. When the temperature 
to the line be, all the possible /Wron has been formal, and the riMiiiiinr 
7 solution contains 045 per cent, of carbon, represented by tb* point r. 
As /?-iron will not dissolve carbon, it follows that the // iron which is formi'.i 
when these steels are cooled below the lino be will In precisely the s*ini 
as if it had been produced from pure iron an it; pannes throagh the Ar, chanv?. 
It will have the same properties and change into iron at- tin* sunn* t'iu 
peratureviz., 760 C. That being the case, when these stills arc at tho 
temperature of the line b c, there are three phases or const it uc-ntH t\iHtm-r 
together namely, pure ft and a-iron, and the soliii solution rcprc-iute 1 
b/ the point c. Under these conditions there is no decree of free iota r tlm 
three phases can coexist in equilibrium only at that particular t'wpcratr. 
Therefore, the /J-iron is bodily transformed into -iron, and JH tin* ttuipira- 
ture falls still further a-iron is directly deposited from flu* solid solution 
witho-it the intermediate formation of //-iron, 

When this state of affairs has boon reached the subsepcnt transforms 
tions for the steels of the first group are exactly tin* same UH those svliirh 
will be considered for the second. A steel containi g O'(>0 per rent, of carbon 
may be taken as a typical example of this group. Tim wteel (T. fU', 1*1) 
undergoes no constitutional change after it has solidified until tin' ti*mp*ra* 
ture has fallen to T', 740 C., at which a certain amount of iron is fonjH'.t, 
The separation of this a-iron, which holds little or no carbide of iron in solu- 
tion, necessarily increases the percentage of carbon left in tin* rcinamm'j; 
solid solution, whence it follows that the temperature must agaiu fall before 
any more a-iron can be formed. With further cooling the quantify of mm 
present increases, and the carbon content of the solid solution in pro^n*Hsiv i ly 
raised until at 700 C. the composition of the latter correspomiH with u*M) 
per cent, of carbon that is, with the eutectoid point ? (fig, 7). It in. thiTe 
fore, obvious that in all cases steels containing up to <HH) jx*r cent, of nirbun, 
when at a temperature just above that of the line d c, consist of iron an ! ilia 
solid solution containing 0-9 per cent, of carbon. The relative amount of 
those two constituents is governed by the actual carbon content of tho 
steel. 

All carbon steels show the Ar x thermal critical point which rorn**pondH 
with the breaking up of the eutectoid solid solution into a-iron and carbido 
of iron. The temperature of this change is usually about Too 1 I 1 , Th 
magnitude or intensity of the Arj change is governed by the amount of 
eutectoid solution which is being decomposed. It is hardly w*n*sHary to 
say that in a steel containing 0*9 per cent, of carbon this reaches a maximum, 
when the whole of the steel passes through the Ar, transformation With 
steels containing from 0-9 to 2-0 per cent, of carbon the changes u^ain differ 
somewhat from those previously considered. As an example of this group 
we may take a steel ^ containing 1-5 per cent, of carbon. AH this alloy (II, 
fig. 43) cools a certain amount of carbide of iron is deposited at the tem- 
perature u\ 900 C., and as the cooling proceeds the quantity of carbide 
increases, and the carbon left in the solid solution decreases 'until at the 
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temperature of the line d ef the carbon contained in the latter is shown by 
the euteetoid point e. As in the instances previously considered the euteetoid 
solution is then decomposed into a-iron and carbide of iron. 

It will be noticed that the line d e/, which represents the carbide change, 
*is drawn as a perfectly horizontal one. This indicates that the A,r x change 
occurs at the same temperature in all steels of varying carbon content. 
Actually, however, it has been clearly shown in the data published by Car- 
penter and Keeling that the temperature of this change, as observed by 
taking cooling curves, gradually rises as the carbon increases above 0-9 per 
cent., and in the presence of about 2-0 per cent, of carbon it takes place at 
about 20 C. higher than in a steel of the euteetoid composition. The reasons 
for drawing this line horizontally are purely theoretical. From the phase 
rule we know that three phases can coexist in equilibrium, in a binary system, 
only at one temperature. At the Ar x point there are three phases namely, 
<%-iron, carbide of iron, and the solid solution of the euteetoid composition 
hence, theoretically, this change should take place a.t the same temperature 
throughout the system. In all probability the differences observed in the 
cooling curves are due to supercooling in the case of those steels containing 
leas than 1-0 per cent, of carbon. With steels containing higher percentages 
of carbon this supercooling is apparently prevented by the presence of the 
free carbide of iron, which forms before the temperature of the Ar/j change 
point is readied. 

There are. many instances known where the presence of an excess of one 
constituent induces the inversion to occur at the theoretically correct tem- 
perature. Whilst, therefore, it is quite in order to illustrate the Ai\ change 
by a horizontal line in the equilibrium diagram --which is a diagram repre- 
senting the temperatures at which the inversions would occur, and the 
compositions which the phases taking part in those reactions would assume 
if sufficient time were allowed it is necessary to remember that these ideal 
conditions are seldom attained in the ordinary course of cooling masses of 
steel. 

We have now to consider certain facts which indicate that carbide of iron 
is an unstable constituent., and will, under certain conditions, decompose 
into iron and graphitic or free carbon. Jt has long been known that iron 
containing about 4-0 per cent, of carbon, if cooled very quickly from the 
liquid state by casting in a chill mould, will contain the whole of the carbon 
as carbide of iron, but when cooled slowly practically all the carbon occurs 
in the graphitic state. Further, the carbide of iron contained in a quickly 
cooled iron can be decomposed by heating the mass to a temperature of 
about 1,000 C. Hence there is no doubt that iron carbide has only a limited 
range of stability. Even in steels graphitic carbon can be produced quite 
readily when the carbon content is above 0-90, but with lower percentages 
this change is brought about only by prolonged annealing just below 700 C. 
From these facts it is clear that, in order to illustrate the conditions of 
perfect equilibrium it is necessary to introduce some modification of the 
diagram as described. In other words, whilst in that diagram are depicted 
the various changes which any given carbon steel will pass through on being 
heated and cooled at the rates which prevail in most steel-manufacturing 
conditions, it does not take into account the decomposition of carbide of 
iron which occurs under more favourable circumstances. Fig. 43 is, there- 
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of th> 



fore, generally referred to as the metustable equilibrium tln 
iron-carbon system. 

With perfect equilibrium it is ooromltwl by nwny tlmt mm curhiiif 
does not exist in the free state, and, therefore, that eunstitu^nt ha* m pHsittnn 
in the true equilibrium diagram. The " perfectly Ktublc '^condition of tln- 
iron-carbon alloys, as understood by Heyn, Kucr. Benedick*, mi*! o?h*r*, 
is represented in figs. 44, 46, and 46. It will b notiwl thiit in iwh f tli*w 
diagrams graphitic carbon is depicted as Drift of the- ciwHtituent ^ \vhHi .slimiM 
be deposited from the liquid cutcctic B if the mixture* b moling Mitli't*nTiy 
slowly at that temperature, while if the cooling Im quirk tin* init^ J*n-nin^ 
supercooled when an artificial euteetic. F w j>nxhu*xl, frunt \\hirh rarl>ilf 
of iron, and not graphitic carbon, HoparatcH from tin* li|i!JiI a* om* fttiHti 
tuent. There is no doubt that this vimv is in m*ronlart with th fu'U 
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BO far as they are known. Within the solid solution riu' 'Vi/ . tlm** 
mixtures containing less than about 2-0 per cent, of carbon th-tv ^ tmry 
reason for saying that Benedicks' diagram (%. 46} more clowly n.rri'HpoujH 
with the known experimental facts than figs, 44 and 45. T!WM[ fur i*xuni|*le. 
pure iron, when embedded in carbon and heated to lMX.) r * r, ( will reathly 
take up carbon which definitely indicates that stablo nolid HitiutioiiH of thw 
two can exist at that temperature. This fact is not indicated in iip*. 1 1 umi i :>. 
Yet another diagram has been constructed by Upton (fig, 47), wist* we 
no reason to believe that a stable and metastable condititm <if ciuililriuni 
exists in these alloys. Upton reviews the previous publication* rciiilin- to 
this question, and concludes that there are three earbide of iron -vi/. . 
Fe 6 C, Fe 3 C, and Fe 2 C. It is certainly quite possible that the ctirhiii !*V tj 
may not be the only compound which can exist in this scrim of allov* but 
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the evidence supporting the existence of Fe e G and Fe a O is vary slender, 
in the first place, the inversion at 800 C., which Upton introduces in his 
diagram for mixtures containing more than about 1-0 per cent, of carbon, 
is based upon the pyrometric work of Carpenter and Keeling, and whilst 
those investigators observed a discontinuity in their cooling curves, a refer- 
ence to figs. *I9 and 40 will show how very slight it was. It is certainly not 
sufficient to conclude that it corresponds with a definite change in the con- 
stitution of the carbide of iron. Further, the whole of Upton's conclusions 
are apparently negatived by the fact, which has been demonstrated by 
Arnold, that almost all the carbon of a pure carbon steel containing 1-4 per 
cent, of carbon is in the free state after heating for 72 hours at 1,000 Q (1 
and then slowly cooling. 

This fact conclusively shows that carbide of iron, Fe s C is unstable below 
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1,000 C. and possibly at somewhat higher temperatures. However, con- 
sidering that carbide of iron has been repeatedly isolated, there can be no 
doubt that such a chemical compound exists, and it seems necessary to allocate 
a position for it in the true equilibrium diagram. In other words, there seems 
good reasons for supposing that carbide of iron must be capable of existing 
for an indefinite length of time over a limited range of temperature, otherwise 
it is difficult to understand how it could be formed at alt With the object 
of supporting this contention, the diagram (fig. 48) has been constructed, 
showing carbide of iron as one of the constituents to separate from the liquid 
eutectic, and to remain in a stable condition when at temperatures within 
the lines a 6, ccZ, and e/. At the temperature, however, of the lower line it 
decomposes into graphitic carbon and the solid solution c. Considered i&> 
the light of this diagram, a white iron is formed by the quick cooling or 
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chilling, and not by the supercooling of the liquid eutectic, simply because 
insufficient time has been allowed for the carbide of iron first formed to 
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decompose on passing through the temperature of the line ef. The meta- 
stable conditions are illustrated by means of the dotted lines. 
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CHAPTER V, 
MICROSTRUCTURE OF IRON-CARBON STEELS. 

BBFOEE turning to the detailed study of the structural constituent* of the 
iron-carbon system, as they appear under the microscope, it will IMS advisable 
to give a brief description of the origin of the nomenclature that is used for 
the subject, and to draw attention to the utility of correlating that nomen- 
clature with the experimental facts that are known arid embodied in the 
equilibrium or constitution diagram. Sorby, who was the first investigator 
in thin branch of metallurgical science, regarded stool essentially from A 
mineralogist's point of view, and ho naturally applied a minentlogical 
terminology to the microscopical constituents that wore discovered in steel. 
Hence, after H lecting a name either in honour of some particular scientist, 
or from an analogous mineralogical constituent, the sufiix ** ite ** was attached. 
The terms " austenite," " % troostite/' 4t Horbite," and ** pearlite " hav since 
been coined in thin way. 

AH our knowledge of the real constitution of steels at all temperatures 
extended, and it became possible to construct a chart or diagram graphically 
illustrating the whole of the physical and chemical changes through which they 
pass an the temperature is varied, it became evident that there wens more 
names in use than there could actually be found definite room for inside 
the chart. For that and other reasons many keen controvermuH have &nmm 
as to the scientific accuracy- or meaning of some of the term* that have been 
used in the metallography of steel As will be seen, this state of affair* 
in no small degree because the microscopical analysis of stflwl wan well 
advanced before the general, physical, and especially the thermal data 
were anything like complete, and also because the laws of physical chemistry 
were not seriously applied to the study of metallic alloys until a eompiurii- 
tively recent date. In the case of the non-ferrous alloys, the nomenclature 
of the structural constituents has been based almost entirely u|H.m the 
physical data that are embodied in the equilibrium diagrams, which fact 
places the subject upon a firm scientific basis* aud eliminates the little 
differences of opinion that are not of vital importance, but which are fre- 
quently the cause of serious misunderstanding, unnecessary controversy, 
and obscure the true issues. 

An equilibrium diagram, if it be substantially complete* definitely indicates 
the number of constituents that can exist in a series of alloys, and also the 
ranges of composition and temperature in which those constituents may be 
found as stable phases. Of course, diagrams of this kind do not in them- 
selves establish the precise microscopical formation or appearance that any 
particular constituent will assume, no matter what treatment it has been 
subjected to, but viewed in the light of known facts in regard to the relation 
of structure, to the diagrams, an experienced investigator in now in a position 
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to predict, simply by studying the equilibrium din-rum, with *, r,,i,nMrii.- 
the type of microstructure any alloy will show after t he mo*t varie.l t r-at im-nt . 
From the fact that the constitution digram shows the pn)lle number 
of constituents of a scries, it follows that the many ami van.vi type* ,,j 
structure it is possible to obtain, in steels and other alloys, really mrri^|,,.n 1 
to transition stages, and are more or less definitely rclaf H t. one m -, in M,,H,. 
cases two of the constituents that have a place in the li,i-:nim. In !her 
words, it is impossible to have more constituents in it micro s-M-tion than am 
represented in the diagram, though it, may be, and in **!.!* th'ftitit.'h i-v 
possible for those constituents to assume widely ihllcrent >t natural i.*riuv 
It is also a well recognised fact that when these different appearance* r.* 
observed, they correspond with, and are actually the eanse of, rerlaw ttt^ti 
fications in the physical and mechanical propertie* of the particular *pe,-im,.u 
On this account some characteristic atrnetural nwrkinyH- hit\v hern *./iv'i 
names that in some respects convey the idea that they are i-nisf HH lMnlui**ly 
distinct from the universally accepted constituents. Then- ciuM !' !! 
disputing the necessity of having namen for those^tnirtun"*, evn t!n-i"h 
they are merely modified forum of recognised constituent**, if lii**v JMI^I',-.-.! 
properties sufficiently well defined, but it would un*j!H'Hina!ly ! ad van 
tageous if the selected names, or at least their terminal IUIIM, wen* m I-IMIM-II 
as to indicate that the substancoH thc-y denote are transition fnus, und 
if possible, to show their relation to the recognised cniinf if isiitf.M TM ^nw 
extent this is now being done by the slow process of evnluiion mid si'liTtmu 
It would, however, be unwise to make any deviation, in a lHi], *f this kind, 
from the names that are now commonly used in nted nu*tallv.raihy. 

Constitution of Annealed Steels, 

At this stage no attempt will be made to define the tmu anneal**. I a* 
used in the metallurgy of steel, for in some respects the ju*cisr ni**aWM :i 
implied by that term differs when usoil by different investigators, and li*|i**n*{H 
upon the previous treatment to which the steel hat* been subjected. Fur I lit* 
present purpose it will be used merely to denote that after rolling or hammer 
ing the steel has been heated to about 1HMI* C., kept at that temperature 
for about an hour, and then slowly cooled to ordinary atmospheric tenr 
peratures. In this way the mass slowly cools through the critical pintH 
or ranges of temperature, and the constituents take up what may be, e**n 
veniently regarded as a normal condition The material is then Haiti to have 
been " normalised." 

Ferrite. Ferrite is the name applied to iron when it in in the 
state. It is the only constituent that exists in pure iron which has been 
slowly cooled below the Ar 2 critical point (760 j U.), and is relatively very 
soft. It was first microscopically observed by Sorby (1H03) in wrought 
iron. Its micro-structure can be developed by etching in an alcoholic Holutioa 
of picric or nitric acid, when the outlines of the crystalline aggregate are 
seen as polygonal grains (fig. 49). There are three possible explanations 

of the fact that the boundaries of the grains appear dark -e.g,> (I) it muv 

be due to a differential etching set up by the interpenetration of the crynlal 
units at the crystal junctions, (2) a differential etching between adjacent 
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crystals of varying orientation, or (3) a selective etching away of the amor- 
phous cement surrounding the crystals. 

The internal structure of ferrite was first developed by Dr. Stead, by 
rather deep etching, when each crystal is seen to consist of a large number 
of cubical bricks or units (%. 32). What is known as massive ferrite is a 
constituent of all carbon steels, containing less than 0*89 per cent, of carbon, 
that have been slowly cooled. In a fine state of division ferrite is a constitu- 
ent of all annealed carbon steels. It cannot be definitely stated whether the 
ferrite of steels is exactly the same as that of pure iron. In all probability 
it holds a certain limited amount of carbon in solution. Judging from the 
density and magnetic properties of steels, Benedicks l has formed the opinion 
that the ferrite contained in steels with more than 0-5 per cent, of carbon 




Fig. 4i).- Structure of Pure. Iron Forrite (Carpenter), x 150. 

differs from the ferrite contained in steels of lower carbon content. He 
concludes that in the former the ferrite holds about 0-27 per cent, of carbon 
in solution, whilst in the latter the amount of carbon is much less and pro- 
bably varies with the percentage of carbon contained in the steel. Hence 
he has given the mime fc% fcrronite " to what most other metallurgists describe 
as ferrito contained in steels with more than about 0*5 per cent of carbon. 
It is impossible to say whether this view is correct or not, but if correct, 
it may be connected with the fact that the whole of the ferrite contained 
in steels with more than about 0-45 per cent, of carbon is directly deposited 
from the y-iron solid solution, whereas, in steels with less carbon, some 
ft iron is first formed, and then subsequently transformed into a-iron. 

When etched in picric or nitric acid solutions, the ferrite of steels appears 

ur VAcicr au Carbune, 
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Fig, 52. 0-45 per cent. Carbon Stool. Ferrito ami IVarlit**. 150. 




Fig, 53, 0-60 per cent. Carbon Stool. Kerrito ami Pearlitr. >. 
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Fig, 54. 0*73 per cent. Carbon Steel. I'Vrritu uucZ Prurlitc. > 150. 




Fig. 55. 0-85 per cent. Carbon Steel. Ferrite and Pearlite. x 150. 
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almost white. It is shown in figs. 50, 51, 52, 53 S 54 S and 55 as white areas 
in steels containing respectively 0-20, 0-30, (H5, 0-60, 0-75, and 0-85 per 
cent, of carbon. 

In many steels containing elements other than iron and carbon, the 
ferrit may retain some of the added element in solid solution^ and its pro- 
perties would accordingly be modified. Even in cases of this kind it is 
customary to refer to the relatively pure iron as ferrite. 

Cementite.- -Carbide of iron or cemontite (Fe s C) is the only chemical 
compound of iron and carbon that has been definitely isolated from annealed 
carbon steels. This constituent was first seen under the microscope by 
Sorby (1863), and is exceedingly hard and brittle. It is strongly electro- 
negative to forrite, and in specimens containing the two constituents, when 




Fig. 56. 1-20 per cent. Carbon Steel x 150, 

Bark areas * Pearlite. 
Light m Cementite. 

etched in nitric or picric acid solutions, it is left practically unattacked 
(see fig. 56). Ceiuentite is present in all slowly-cooled steels. In those 
containing less than 0-89 per cent, of carbon it exists as irregular-shaped 
laminated plates along with ferrite, whilst with higher percentages of carbon 
it is present in the massive form, and is seen under the microscope as a white 
matrix surrounding areas which are dark when the specimens have been 
etched with nitric or picric acid solutions. The thickness of these cementite 
boundaries increases with the carbon content. 

Strictly speaking, ferrite and cementite are the only definite constituents 
of slowly-cooled carbon steels, and these are respectively represented in 
the equilibrium diagram by the vertical lines A B F and II J (fig. 57). When 
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these two constituents are associated together thin* give rise to a number 
of characteristic and more or less regular microHtniclun, t \vhu-h jmu'tU'iUIy 
determine the actual physical properties of thft nuww. It w. thiTi'fon*, but it 
convenient and necessary that these appearances ahcntM hav< namw by 
which they can be described, but whether theoo nami* nhoulii triiunata 
with " ite " or u itic " is a matter of opinion. It in of VCTV little i*onjuc|tt^nc 
so long as no misunderstand ing arises as n#anl the art mil moaiatii; of 

the terms. 

Messrs. Campbell and Kennedy 1 havo publwhcd tn-idrnrn wliirli 
to indicate that a carbide of iron, Fe s (> is also pnwnt in mixiurrn run 
taining high percentages of carbon. They ftre of tlm opinion that thin cum- 
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pound separates from y-iron solid tsohitiuus contuininj.' ii 

1-0 per cent, of carbon. Prolonged annealing at niutli*ratc*ty 

(say just below 700 C.) bringa about the <li!*c)in|Kiitiiii*iif cTini- 

the formation of ferrite and grapliitic carbon. Thin n*uriiit o 

at higher temperatures in pure iron-carbon HUM*!* mntauun^ 

0-89 per cent, of carbon. Thus Arnold has shown that aftrr 

147 per cent, carbon steel at 1,(KX) U. for 72 houw fcilltnvml |, v f<|ow ci*i!wii, 

it contained M4 per cent, of free or graphitic carbon. iStrclH\vith I*H than 

0-89 per cent, of carbon do not behave in thw manner on annfalin^ at !,<*>'(!,, 

which is no doubt due to the carbon beinj* in nolution ut. timt l^mprriifiire, 

The pronounced decomposition by annealing at l^Mfu 1 t\ m indirutni by 

l Journ. of the Iron and tffceJ /*r., lim, N, 2. 
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Arnold's experiments, is probably due to the fact that with 1-47 per cent, 
of carbon some of the carbide still remains in the free or undissolvod con- 
dition, and is thereby more readily decomposed at the high temperature. 
The free carbon thus formed then accelerates the rate at which the carbide 
(which subsequently falls out of solution m the mass cools) braak up into 
its constituents. 

Pearlite. Pearlite was the term introduced by Sorby (1863) for the 
pearly areas of an etched annealed carbon steel Although metallographem 
agree, both as regards the utility of this term (which implies that it is a 
definite constituent) and the constitution of the structural appearance to 
which it is applied, it is necessary to note that pearl ite is not a simple con- 
stituent. The dark pearlite areas in figs. 50 to 55 consist of two constituents, 
ferrite and cementite, usually arranged in lamellw, in the proportion repre- 
sented by the eutectoid point I) (fig. 57). These areas correspond with 
that part of the steel which contained 0*89 per cent, of carbon in solid solu- 
tion immediately before the Ar t change occurred. The excess of ferrite 
in steels containing less than 0-89 per cent, of carbon separates, on roolimj, 
at the temperatures indicated on the lino B 1), whilst the excesH of earlmtt 
in steels containing more than 0-89 per cent, in similarly deposited at tem- 
peratures on the line I) K. Hence the curves BCD and 1) K are really 
temperature-solubility curves, which indicate respectively the solubility 
of iron on the one hand and of carbide of iron on the other, in the HO! id 
solution. 

In all cases, therefore, it IB evident that the percentage of carbon in 
solution juHt before the Ar x change taken place m 0*89, corresponding with 
the point at which the two solubility curves intersect each other. Further, 
as pearlite is produced by the simultaneous deposition of ferrito and cementite 
from the eutectoid solid solution, at the temperature of the Ar z change, it 
follows that the field of a true peariit area contains exactly the same amount 
of carbonviz,, 0-89 per cent. 

Pearlite etches dark both in the presence of massive ferrite and of cenien- 
tite, owing to the relatively fine state of division of ite constituent*, which 
cause the electrolytic- action of the etching solutions to be concentrated 
thereon. 

The granulation of pearlite and of its two constituent* varies between 
the infinitely fine and the excessively coarse. From the very nature of it* 
origin and constitution this in precisely what would iw expected. It is 
formed as a result of the decomposition of n homogeneous nolid solution 
at the temperature of the Ar t point. Just before that change the iron in in 
the 7 state, when it and the iron carbide arc capable of mutually holding 
each other in solution. The disintegration of thin solid solution takes place 
at one temperature throughout the whole mann, and w completed in a 
relatively very short time. Immediately below the Ar x point, and after the 
inversion is complete, the mass consists of a- iron and carbide of iron, hut 
at the initial stage of separation they are in wich an exceedingly fino state 
ol division that, if by any means they be kept in that condition **.*/,. by 
suddenly cooling the mass- the grain of the two constituents would be 
ultra-microscopic. If, however, the mass be kept at a temperature just 
below the AT I point, the line particles of cementite coalesce, as do the 
particles of ferrite, first forming very thin alternate plates of the two 
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constituents. If the time be prolonged these plates lK V ,mc thirkcr and 
finally the cementite becomes isolated in luiyo iwitrlu-H mirrnim. !*i hy f,. rn t 
crystals Between the two extreme forms almost any tlnm-i* .f IIIHMI^S nin 
be obtained by suitably varying the nmtlitmns in r.-anl t.. tun- ami tctn- 




tf\. 5S. 




Fig. 59,Pcarlite and Ccmentito. i-r>7 per oimt, C?nrliii (//.I/W^H./). * l.mn 

peratuxe. Under normal conditions the pcurlite of ntwU routainiti" 
than the eutectoid percentage of carbon k rather findv Imtmmtul (wr' 
areas of photos., figs. 50 to 55). In atcela containing i,irv nirlmii the iM 
is usually of a coarser character (nee photo**., %s, 5tJ mid 5tij 
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From what has been, said* it will be readily understood that peurlite 

is not a true constituent, but a characteristic appearance of two totally 
different constituents when associated together, Peariito may be repre- 
sented in the equilibrium diagram (fig. 57) by the eutectoid point D or a* 
existing inside the area F G 11 J. 

Sotfaite or SSorbitic pearlite is a finer form of pearUta, which may ba 
regarded as the transition stage between troostlte or troostitic pearlite 




Fig. G0.'~ttorbitio Pearlito (Osmond), x I.fiUO. 



and normal pearlite. 
in fig. 60. 



Its appearance under high magnification is shown 



Constitution of Quenched Carbon Steels* 

It is now necessary to describe the constitution and structure of 
at temperatures higher than that of the ordinary atmosphere, and the changes 
that occur with varying temperaturoH and varying rates of cooling from those 
temperatures. 

In the previous sections it was pointed out that there are marked breaks 
or discontinuities in the thermal proportion of teel at certain temperature* 
which correspond with internal molecular or intercryfttalline ehangtia. 
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Directly to determine the nature of thene ehai^en by mirmHropirally 
a prepared section of the metal while punning through the rntinil tent 
is a problem that bis not yet been miccessfully solved. Ifem-** tht 
in use for ascertaining the alteration of Htrmlure that ari-oinpiiiu.s thwi 
thermal arrests are all more or lew imlireet. The niellim! in muni yenem! 
use for ascertaining the type of structure possessed ly a iwtal at any viv*n 
temperature is to heat a small section to the disirwl trmprraturi', aai aftr 
allowing sufficient time for equilibrium to bo established, rapidly In no! 
it by quenching in ice-cold water or any other MiitaMi* medium, Tin- validity 
of this method depends upon the unwimption tlmt tin* einHtitutiiiwl rlmm,'!* 
through which the alloy would pass with slow rat*-? >{ ft^hi!^ ar*' Mijijirvs^d, 
and the structure and constitution it then |osKe*Ntl *uv tien*i*> retained, 
and can then be examined under the mieroHrope, Tlw tli<Mreiiral rxphuu- 
tion of the process is as follows :~~ 

With quick rates of cooling the* tempem! lire at whirl? mi inviT^iMit takivs 
place is lowered; the general term applied to thi* lowrnu^ i .Hiiprn-.MiJut^ ; 
as the rate of cooling increaHcs tlio <lcgree of Mipetvonlmy mrreaws, and also 
the velocity of the invermon, until a certain rate is n*aJie I, \Un-it tin* \rli ity 
is at a maxinunu. After this condition has been rearhnj tin' \rli-if \ *jui kly 
diminishes with the incnuiHtnl rate f cooliiiu. anl \uili MjfhfUMit MI|T 
cooling may actually become zero. With nuch coitdttiuds ;t>* nvar*! 4 * |i-is* imr. 
rates, the suppression of an invcrwon would in* nuitpleti*. mid ih- nuMt 
tution of the metal after quenching would be the same- as \\}j*n ii wa ^ abn\i 
the normal temperature of the invention. It wuttld tbeti ! \\hat H -*iinf 
times described as u stereotyped," It in, howevrr, neet^Hary f i* 4 -n,ni-,4 
the important fact that, although the physiro rhennni! nuiHtiiutiMii pn* 
vailing at the high temperature ran be retained ib\vn !> tbe nrdiuarv t*'iu 
perature by this moans, it frwjuontly hap|*nH that tin* iipf*iintit-t* HH M*II 
under the microscope is remarkably different. In *tii*r \\nrds, a ditlfrmre 
of structural markings does not necessarily indiratc* a dil!*'ri'f if rn- 
stitution. It ought to be noted here that there are imduubtrdlv MI* ttt'ruml 
critical points that have not HO far been HttppreHMini, ivi-n wifii fb mimt 
drastic quenching yet adopted. Tbore is csvery ri*aMi*u fr rtiu**jti*riiii!: that 
the Ar 3 and Ar 2 points in pure iron belong to thin da**. 

The so-called constituentn MY Htruetunil appcaranci'* fbaf have li*in 
observed in polished sections of nteel that have been previously jm*nfhed 
are known by the following names : 

1. Martensito or Harden it 6. 

2. Austenito. 

3. TrooHtite or Troosiitir penrlife, 

4. Sorbite or Sorbitir poarlitc. 

Martensite and Austcnitc. For timny reitaoiw thM5 two con- 
stituents may most conveniently be considered at the mww time, 

Martensite. This term is used for a special tyjxj of Htrwtwiv, whirls 
is obtained by quenching carbon steels eontaining up t I-u pr rent of 
carbon from temperatures above their highest rocatewenc* point, when the 
whole of the carbide of iron is in solid solution. When properly tjiienc-hed 
from these temperatures the etched surfaces of the ntccly arc fuanc! t<* liavfi. 
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Fig. 61.- -(Jufmchwi Carbon Stwtl, MitrttrnMtf. > 1*10, 




Fig. C2. Quenched Carlwm Steels, Murtt'ntite. v - 1,0<M). 
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what is frequently called an ucicukr or interlacing nmllt* !ik> Mtructur*, the 
markings of which are often disposed in triangular formation (sec hy*. ti 
and 62) From the fact that small sections of Hteels nmtainin^ !e.<s _ than 
1-0 per cent of carbon, when suitably qwwlunl pmwnt only tin* ticiriiiat 
martensitic structure, it follows that the*- marking an in H..IIW wiiy ri'Iul.sl 
to the solid solution of carbide of iron in y-iron. 1 h hanlm;^ f Hti^ls that 
have been quickly quenched and are entirely nmrttwsitio van*iH nin,mii*rably. 
and depends almost exclusively upon I ho pen-untuj^ t>f nirlHn thy nmtam 
With low percentages of carbon the martensitir ctmstitmmt IH n*hituvi\ 
' very soft, but with about (KK per cent, of rarhon it in ait m^mvly har-i 
substance and easily scratches quartz. Mnrtciwito w nui^ni'tir. 




Fig, 63.- Quenched 1-57 par cent Carbon Stwl 

White Areas AuHti*nitc. 
Black - Martnmito. 



IMM 



Austenite. This constituent can only be obtained in riirbun s^it*t*!:4 run 
taming upwards of 1*0 per cent, of carbon by very rapid t|t!ft!r!ui4 from 
temperatures above 1,000 C. With pure carbon atooln it ha nm'c 
obtained in a pure state; it is always aHHociutocl with inorw than 3 -u 
cent, of martensite. In the presence of martansita* iuwtintita ummlly 
white after etching. It is generally cotwidortxi to IH* non-ina^nHic. Th- 
white areas in fig. 63 correspond with austcnito, awl the dark with niarUwiti*. 

As regards the true constitution of martenaite and atwlcinfi*, opinion^. 
are very much divided. The chief points of the many Hti^entionH that havr 
been made are given below : 

1. (Osmond and others) a solid solution of carbide of iron in iron in which 
the iron is partly and partly a. 

2. (Le Chatelier) a similar solid solution, but the iron m chiefly in the 
a state. 
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3. (Benedicks) a solid solution of /?-iron. 

4. (Arnold) a compound having the formula Fe 24 C. 

5. Twin crystals of the y-iron solid solution. 

In regard to Nos. 1 and 3, it may be pointed out that they do not appear 
to be of any value, nor do they seem to have any support from theoretical 
reasons or experimental facts. 

As regards No. 4, there is no doubt that the eutectoid steel containing 
0*89 per cent, of carbon corresponds with the formula Fe 24 C, but that alone 
cannot be regarded as proving the existence of such a compound. Many 
eutectics of metallic systems possess compositions that correspond with 
chemical formulae, although it is not usual to regard them as being necessarily 
definite compounds. It must, however, be admitted that both eutectics 
and eutectoids may ultimately be found to be in a kind of loose chemical 
combination, which are only capable of existing in the liquid or in the solid 
states respectively above their particular critical temperatures. Be that 
as it may, it does not affect the question of the constitution of martensite 
obtained at ordinary temperature by quenching steel from high temperatures. 
The real point to decide, if possible, is whether the martensitic markings are 
formed as a result of a partial decomposition of the pre-existing solid solu- 
tion with the consequent formation of a certain amount of a-iron, or whether 
they are due to some other cause. 

In this connection there are certain fundamental matters of theory 
which ought to be carefully considered before drawing conclusions from the 
actual facts. These are : 

1. Is the process of very rapidly quenching e.g., a small section of a 
steel containing 0-9 per cent, of carbon, by almost instantaneous immersion 
whilst at a temperature of about 900 C., in ice-cold water sufficient com- 
pletely to suppress the Ar 1? the carbide change, and thereby to secure that 
the specimen shall retain the constitution it possessed at the higher tem- 
perature ? 

2. What is the cause of the characteristic acicular markings ? 

3. Is martensite microscopically homogeneous ? 

4. Why is a quenched steel consisting entirely of martensite always 
magnetic ? 

Before attempting to answer these questions, it will be well briefly to 
study a series of alloys that are in many ways analogous to carbon steels. 
By doing this the subject can be criticised in a broader light, and the evidence 
obtained, though only of a circumstantial character, may be advantageously 
considered in framing answers to the above questions. The alloys of copper 
with aluminium containing from 9 to 16 per cent, of aluminium undergo 
very similar changes, both thermally and structurally, to the carbon steels ; 
moreover, the structure of these alloys after they have been quenched from 
temperatures above the thermal transformations is practically identical 
with that of martensite in quenched carbon steels. That part of the con- 
stitutional diagram which corresponds with the particular aluminium-copper 
alloys under consideration is represented in fig. 64. At temperatures inside 
the /? area the alloys consist of a homogeneous series of solid solutions, which 
are analogous t the y solid solutions of the iron-carbon system. On cooling, 
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these solid solutions pass through changes that, are essentially of the same 
nature as those of steels. At the temperatures on the lino A B a crystals 
that are relatively rich in copper separate from the /J solid solution in exactly 
the same way as practically pure iron is deposited from notation ut tem- 
peratures on the line BCD, fig. 57. With alloya containing more than 
124 per cent, of aluminium that is, those which fall to tho right of the 
eutectoid point B, fig. 64 -y crystals relatively rich in aluminium separate 
from solution at temperatures on the line B C in a similar manner to the 
separation of carbide of iron at temperatures on tho line I) K, %. **. In ail 
cases as the temperature falls the composition of the (i solid solution approxi- 
mates progressively to that of the eutectoid point B, and when the temjwra- 
ture of the line D B E, 560 C., is reached, it corresponds exactly with that 




Percentage Aluminium 10 
Fig. to. 

point. At this stage there is an evolution of a considerable amount of heat, 
similar^ the Arj point of carbon steels, and the ft constituent break* up 
bodily into a and y. Thus, in both series of alloys, tho solid notations undergo 
exactly the same type of thermal and constitutional changes. The structure 
of a slowly-cooled alloy containing 10-0 per cent, of aluminium in shown 
in ng. 65. The same alloy, after it has been quenched from above the tem- 
perature of the line AB, fig. 64, gives a structure shown in %. 66. This 
interlacing acicular structure is almost identically the same as the martens- 
itic markings of a quenched carbon steel. When it ia remembered that 
from a physico-chemical standpoint these two series of alloys aw 
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Fig. 60. Quenched from IKK)" X (Carpenter awl Kdicard*). x 150. 

Copper - 00 "0 per cent. 
Aluminium r= 10*0 
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the structural resemblance of the quenched specimens is not very surprising. 
In the case of the non-ferrous alloys, no difficulty has been experienced by 
metallooraphers in arriving at a general understanding as to what such a 
kind ofstructure should be called. They simply describe it as the ft con- 
stituent, which, strictly speaking, means that it is the type of structure 
peculiar to the alloys that have been quickly quenched from temperatures 
at which the ft constituent was stable. This kind of nomenclature is abso- 
lutely non-committal, yet it conveys a definite and accurate idea of the 




Fig. 71. (Carpenter and Edwards), x 150. 

treatment to which, the specimen has been subjected, and is a safe foundation 
upon which to graft future experimental facts. Further, in the particular 
instance cited, it has recently been proved that this procedure is indeed 
wonderfully accurate. For many years the acicular structure was universally 
spoken of as ^the ft constituent, without any serious question being raised 
as to why this apparently duplex structure was always produced and still 
regarded as one constituent. It was suggested by the author 1 that this 
apparently duplex structure was due to the solid solution crystals 
which are homogeneous and individually of uniform orientation at the 
temperature from which they were quenched, becoming split up into 
many twin crystals by the strains that are set up in the quenching process. 
At a later date 2 the author proved that the light and dark markings were 
indeed caused by prolific crystal twinning, and that these quenched specimens, 
although seemingly hetrogeneous, are actually homogeneous. 

*-Journ. Iron and Steel Inst., 1910, No. 2. 
2 Zeitschrift fur Metallographu, No. 1, 1913. 
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Kgs. 67 and 68 were taken from the same area by the use of oblique 
light with the source of light differing in the two cases by about 180. In 
this way it will be noticed that the various light areas become dark and 
vice versd, which clearly demonstrates that the degree of lighting can be 
varied at will,, as it is merely due to the angle at which the rays of light 
strike the numerous twinned facets, of which the crystal grains are composed. 

Those copper-aluminium alloys, which fall to the right of the eutectoid 
point B, fig. 64, when quenched from high temperatures, also show a micro- 
structure which is remarkably like that of the austenite and martensite 
of quenched high carbon steels (see photo., fig. 71), and compare with that 
of fig. 63. This also has been shown to be due to crystal twinning (see figs. 
69 and 70). 




Eig. 74. Oblique Light, x 150. 

Judging from analogy, it is, therefore, quite natural to expect that the 
operation of quenching carbon steels will bring about pronounced crystal 
twinning, and that the acicular markings of martensite are connected with 
this twinning. As shown by Prof. Carpenter and the author, 1 this expec- 
tation has been justified, and from figs. 72, 73, and 74 there can be no doubt 
that martensitic markings are caused by crystal twinning. fc As to whether 
there is also a certain quantity of a-iron present in martensite, it is at present 
unsafe to make any definite conclusion. The presence of a-iron would account 
for the magnetic properties of martensite, but, on the other hand, these 
magnetic properties do not definitely indicate the presence of a-iron.* It has 
been suggested by Prof. Carpenter and the author that the magnetic pro- 

1 Journ. Iron and Steel InsL, No. 1, 1914. 
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perties of martensite may be due to the formation of amorphous layers 
upon the surfaces of slip or twinning produced by quenching. 

Before going any further into this question, it will be well to give a brief 
account of the work that has been done regarding the constitution of 
austenite. 

L Osmond first demonstrated that a 1-6 per cent, carbon steel quenched 
in ice-cold water contained about 60 per cent, of white austenitic areas 
(fig. 03), and that, according to the scratch test, a specimen of this kind 
was slightly softer than a quenched 0-9 per cent, carbon steel containing 
only the martensitic constituent. 

2. The same investigator found that by cooling in liquid air an austenitic 
plus martensitic steel, the austenitic areas become transformed into martons- 
itic areas, and as a result the magnetic in^nsity of the mass was increased. 

3. After stating that there is not a single cause for assuming a different 
empirical composition between the martensitic and austenitic areas, and 
that the difference in their properties is duo to y-iron being the phase present 
in the latter, and (probably) /Mron in the former, Benedicks * says :- - 

l{ If one examines a specimen with this characteristic structure, one really 
is led to ask, What is the reason that the specimen does entirely pass over 
into martensite if martensite corresponds better to the thermal equilibrium 
on quenching ; or, on the other hand,, that it docs not remain as austenite, 
if auatenite corresponds with the thermal equilibrium on quenching ? Cer- 
tainly the dissolved carbon has a very large influence on the preservation 
oi the mixed crystals as austenite, but, on account of its even distribution, 
this influence must necessarily be the same throughout. 

** The answer to this question would not appear to require much seeking. 
It was first shown by Osmond that martonnito, which has been formed 
from austenite by cooling in liquid air, has a larger volume than the austenite 
(standing in relief on the previously plane surface). Further, the dilato- 
Metric work of Le Chatelier, and of Charpy and Urenet, has shown that 
the transformation from y to (i (as well as to a) iron is accompanied by 
dilatation. These two facts clearly demonstrate that the passage from 
uuHtenito to nuirtermite is accompanied by a considerable increase of volume. 
It in obviouH that the pressure necessarily resulting from the increase of 
volume at tho transformation from austcnito to martensite must have an 
extremely important influence. Already by the cooling of the outer portions 
of tho specimen tho interior must bo subjected to a high pressures (even if 
hero the y state ateei exist exclusively. When, further, a portion of these 
y crystals in tho interior is transformed into martensite, this must result 
in a conniderable increase of the pressure. The transformation of austenite 
into murtenKito cannot, therefore, go on beyond a certain limit, where the 
increase of pressure (corresponding to the increase of volume) will put a 
stop to further transformation of the y crystals. So these crystals will be 
prvsorved as austenite in their non-magnetic state at ordinary temperatures." 

Tho above quotation constitutes an excellent summary of the views held 
by ikmedk*k and others as regards the constitution of austenite, and to some 
extent of martensite. 

Home of the more important points in favour of the idea that martensitic 

. If on and Sttel /*,, 1908, No, 2, p. 273. 
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and austenitic areas arc twinned crystals of the muue couHtituwnt urn inclutitxi 
in the following quotation from a paper by Carpontor and thu author : 
"The fact 'that the so-called austenitic areas of quenchm! rurbon 
appear to change into what are regarded as martenaitie area* when imnu'nuxi 
in liquid air, is quite consistent with the idea of twinning btN*nuM th** txtm 
strain put upon the mass would cause further twinnin.-:, particularly in tlitn 
areas (austenitic) which had previously escaped this rhiui^. It in ulno of 
some importance to note that the relief patterns pnxluwi on f>I inlaid 
specimens that have been cooled in liquid air do not mw<.Hurily imiiruti) 
that there has been an actual ineroaHO in volume, for, aw a mat! IT of fwt, 
exactly the same kind of relief forms are prod ami wJn<n jn*vtnwly fob*bi<<i 
specimens of the copper-aluminium alloys, already re.ferml to, aro tjitriiritttii 
from temperatures above their highest rritiral point, luf tin* M]Hn'iini<iiH 
so treated actually occupy a BinalleF volume than if tJn*y WITH **Iowly roojtul. 
Even if it is found that these specimens oerupy u nightly lar^r volume f Imii 
before being cooled in liquid air, it would a^rn* with th fai't* relating to tim 
change from the crystalline to the amorphous condition. lM*auM Ht*ilby 
has shown that this is accompanied by an mrrwwt* in volumn. 

"As regards the non-ex wteneu of uiiMtinitir arras a! lJp ^urfa-"4 nf & 
quenched steel, it may be pointed out that nxa'tlv flir ^am** iiji|tln* t ar*u^ 
of similar appearance in the copper-aluminium uilmu \\V lir r**|M*at^iiv 
noticed that in these alloys vary quirk quunrhinn ratv.s {irottnt-i* thm i\uii 
lainellsa (like martensitic areas), wherean with H!OW*T t|!ii*it-liiiii \rlont m 
the same sized specimens would show nwHt lar^r I. WHIM (ftirri^jtMnJut^ tu 
austenite). This is rather a significant fart, in \irw f what ha^ l*ih nari 
about the increased pressure of niartcmnitir areas at th* ^urfat-i* |uvvi'i>!in^ 
the austenitic transformation in the interior. If tlw rrtditton o( aitMti*niio 
is in any way due to the pressure of th<* iimriinwifir ari'ii*, tJin it lui^ht 
to be possible to obtain almost pure atwtwiitt* in rurtain part^ of thi Hpriiiirn 
by arranging to produce a positive prwwure in flu* interiur *f flu' IIHI.HH m 
well as on the outside. Thun, by allowing tin* rarlmlo rlmiv r ? t> taki* jlac- 
in the central part of a specimen, the incrwwd v*lumi* w hit-it wiiiiJil ihu 
occur in that area would exert a kind of bark jmuwurn iifHtii I in* tint raimfonu^l 
material surrounding it. Hence, as it is po8ti*l to obtain from r*i ii 7 J*IT 
cent, of the austenitic areas without any of the rarlmlu rluiii^** havin>.; taki*u 
place in any part of the mass ; if tho prturfl of tin* nMrtiwHitjr nrrii IH tin? 
cause of the retention of the austcnitin anwiM. it oii^ht to Im JHIHM!|I* to obtitiu 
much more of the latter when both thcwo prHHiin*M urn (|H*nitiii k * in il^ 
same direction. Up to the present it has not btwn pufwibln It* |tr<iiun* in uny 
part of a quenched carbon steel more than about 7u jnjr n?nt. of tin* ntH 
areas. This is a very significant fact, for if tlm itffoct in diw tti rryKf al ! 
it can never be possible to obtain a purely ausfwutir <-iirbiu !! at 
ordinary temperature, even with tho quirkiwt jxMuiibld rat^n of |tii*iu-hii^ 
In the present state of knowledge, therefore, we urn of tlu* opinion that tln'ni 
is not a single fact which proves that there is any iliffwwrt wlmtm^T t f !i 
constitution of niaitensitic and austenitic arftiw/ami, furtlwr. thmt n. f w i, 
can be advanced in support of that view, which, urn nut ai*u .niitit IIH riwitlv 
explained by the view that the effects arc dm to crvntal twinnii w . I In Hut 
other hand, whilst it has not yet been definitely twtablbihed that tho iiuirlfiiH- 
itic areas are really twin crystals of austenito, tliw viw is not only rational 
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>ut is supported by the facts relating to other alloys winch are of the same 
)bysico-chemical nature," 

Dr. Benedicks has made some interesting observations upon the electrical 
properties and specific volumes of quenched steels (see fig. 75). He has shown 
;hat the electrical resistance of troostite, which is the first product resulting 
;rom the decomposition of the slowly-cooled y-iron solid solution, is the- 
same as that of pearlite. Further, the specific volume that is, the volume 
>ccupied by 1 gramme of steelis the same for pearlite and troostite. When 
nartensite is formed by quenching from, high temperatures, the electrical 
resistance and specific volume are raised very considerably above that o 



Eltctrie 

^ 

Microhm. 



so- 



40 



30- 



20 



/O 



* Electric Resistivity 
o Specific Volumit 




VoTu/ncs 

Cm* 
^-1292 



~-l2BB 
-I2BG 
-1284 
-I2B2 
-I2QO 



~-/27B 



400 500 600 

Temperature 



JOO 800 300 1000^ 



WO 200 300 



Fig. 75. -i 

troostite. As regards tho specific volumes, these facts are rather significant. 
For example, it has been demonstrated by Le Ghatelier and by Charpy and 
Grcnet that the transformation on cooling through the Ar x change, corre- 
sponding with the formation of troostito from tho y-solid solution, is accom- 
panied by a marked increase of volume. This definitely indicates that 
troostito occupies a greater volume than the solution from which it is formed. 
Troostito may, therefore, bo taken as representing the condition with the 
highest specific volume for slow rates of cooling. {Since, however, martensite, 
which is obtained by quenching, has a greater volume than troostite, it also 
follows that it must have a larger volume than tho initial solid solution. 
Hence, it is natural to conclude that martcnnito cannot be of the same 
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physico-chemical constitution as trooatite, becaiiH* a variation 
crystal in the latter case does not give me to a rhaunf t.f vtitoiiw, Ilia 
explanation which appears to fit in with the fwtn. ami w in it^rmimit with 
other theories, is that martensite corresponds to tin* 7 mm Moli.i huJutmn, 
which has been very severely strained in tint iiwiHimg, and that ihw 
deformation increases* the volume in the 0ame way as cold working of tiii'ta!*, 

Troostite. This constituent was iirst disroviwl ly Onuiuiid, 1 who 
named it in honour of the French chemist, TnMist. 

Troostitic areas in specimens rapidly horoint* Murk whrn pla*-M m 
etching solutions, and on this account its prtwwt' run In* fr^m-mly t|rt ,vtt4 
without a microscopic examination. Whon vii'wi^ titter iht nurm**-..jm 
it appears as dark furlcd-liko areas, as mm ^ m fig*. 7 and 7T ; win, !t 
Osmond described as nearly amorphous, and slightly uraimlatM. Tro.Mit 
can be obtained in almost'any sterf, no mnttvr what th rarUui routi'iii, 
by modifying the temperature from whirh th' h|MTiw-n an* *jirn-h<.i. t?r 
the rate of the quenching. It can also ho obtained lv hi-anuv nmttnmt- 
or austenito to 400 0,, or'cooling to th* ti*in|HTatri ! !n|uid air 

Originally Osmond considered troostito to rrri'Hpind it 'MIU* tr.uriiry 
association between ft-inm and carbon, Arnold* d^min-s n ^ .-unil-ut^i 
carbon present in an exceedingly tino sta< of itivi^Miu m t*-uii*ri*l hfvrh , 
and Roberts- Austen' s 3 definition wa prarttnilly flit* NUIM* !**.* fhii^-ln'r* 
says : Troostite is probably a s<li<l solution, ttf!*nfu* front iu. ; irti'nit** 
and austenite in being magnetic at its towpitraturi' of fnii*tiini H.\ utMii fe 
formed the opinion that troostito wan a form of rarboitlr 1 ^ ir^u. ih'l ;n it* 
properties, particularly its black colouring on Hrltiit),', tltllrr H* nmrh li.tiji 
a-iron, he conclude^ that it wan //-iron. Almost iwmdmir!v aft-r K"ur 
batoff 6 showed that Boynton's VHHVH W<T ttntoimltii*, au>i wuj,'^**^t^i that 
troostite was a solution of elementary carbon in iron, Thin id*' waH. hm\i*v*r 
refuted by Benedicks, 7 who holds t-hat avtiryfliiiiu w** now- kii'a p.ihi-. tt 
the fact that Osmond quite* correctly dHIiitnt troo.ntito iw an jmt-inn-.i4.iti* 
form between niartonsito and iHmrlilt*. Hiw*'i*n troonfito an.i |M-jrht 
there is a continuous transition, and ono is naturally Ird to tip* fohi-iu.-^t*n 
that troostite is a pearlite with ultra-nurnwc-opirally ^mall partnli- *{ 
cementite, and -that the iron m in the /I or a stat, In addiitmt, Hnir.ln L* 
made a most interesting suggestion to the i*fl0rt that tr?if^ *f!rr^. m 
the domain of alloys, an interesting analogy to rolloid ^olution-4 rmtiid'^ri'd 
in the light of more recent researches, this rollout thtMry ha had &?r*at 
support, though it must be mntione(i that !ati*r wntrrn ha\* \|inv*4 
the same idea in somewhat different languajjt*. in n vrry vnbial'li* p>*- of 
work, in which many new facts are brought to light, M'Cann* 11 fniifludt*H 
(1st) that troostite consists essentially of a-iron whirh m m tin* aititirphHii* 
condition, or which has not yet attained its crystallinr, Htnt* nf frrntr . aitd 
(2nd) that troostite contains carbon in susixmsion, and not \\\ noltin. i.y* 

1 Bulletin de la SpcittA d' Encouragement puur I'lmlmln-c Yiiluiiilc 

2 Proc. J?w*. Ctw7 A^t,, vol. oxxiii., 18V5-0, Puri 1. 
8 Prac. JPw*. Jtfecft. A%^., 1899, p. 35. 

* Bulletin de la JSotitU d' tincouwgemtnt, 11HK), p. 061. 

6 ,/owm. Jrcw and $ted IwL, 1904, No. 2, p. U2. 
Aci'we de Metallurgy, Fob., 1905, p. Km. 

7 Jmirn. Iron and Steel lmt. f 1905 P No. IL p. 352 
T - J - J "-* " *., 1910, p. 1603.' 
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Kig. 70. Tnwtsitr uiul MuttMiHtti*. 




Fig, 77, ..... -Tr*tnit' nnd MiirtcitMitf. 
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carbide of iron. M'Canee has conclusively proved that thu {wrmrability of 
quenched or tempered Bteolw in greater IIH the amount of troo.sttte tiM-y cuntuin 
increases, which indicates that the iron containeel therein JM in ih a un,l not 
the /?-condition, as Benedicks suggested us a possibility. \Vjtit tbw part malar 
exception (/?-iron), the two latest publication* an in intir u^riTini'iit, antt 
since in the discussion on those two papers m> fartj wrn* bntii^ht n^nnmt 
these ideas, by investigators who hat! worked <n f h' Htibjrrt, many of whom 
took part in the discussion, it is safe to eonrltnie thai they *iubraru all thti 
experimental facts that are at pronent known, Tli 1 |rt*,Hi*rr *i( tri>(tttte 
oan be detected even during oteliinjr, biu*aiw if it,i vrry ipitrk i*tt-hin-' nit*-*, 
the areas in which it exists very <juiekly benum* l*la'k \V|ji-n tiiw two 
constituents, martensite and tnostito, ar pre.sini. th- *\rm tun of tho 
martensitic areas is only dovelopetl on prolong ei I firliiit^ iig, 7ij, 




fig. 78. 'Qtirncht*'! Cnrtion HtM, \ SOO. 

Dark Aniw .-, TrtHmttto, 

Light ^ Utirli'hwl Mitit'n.-ar. 

H. C, Boynton arran^H tho Imrtimw of tin* VUHMUH i-nniti!tn*ntii that 
iiave been described as follows ; 
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CHAPTER VL 
THE SOLIDIFICATION OF STEEL INGOTS* 

TUB change** that occur when steel passes from the liquid to tho solid con- 
dition have been the subject of many laborious investigation**, because 
they are, both from the scientific and . practical standpoint, matters of very 
considerable interest. Watching an ingot of iquid steel solidifying at once 
suggests the two following questions : -What are the precise conditions 
which prevail throughout the mass ? and what are tho exact changcH through 
which it is passing ? These two questions are of great moment to the steel 
manufacturer, for it in upon their answer that, tine serious diiliculties known 
as segregation, piping, blowholes, etc., have to be mot. 

As steel is a composite substance, its solidification from the liquid state 
involves more complications than arc. met with in the freezing of elementary 
or compound substances. There are, however, certain important phenomena 
that an? more or less characteristic of all substances that crystallise when 
jinlidifying from the liquid state, 

1st. Change in volume />., there may bo a difference in the specific 
volume of the liquid and the solid crystals which are formed from it. when 
just at t he freezing temperature. This may either take t he form of an increase 
-or a decrease in volume durum solidification. 

2nd. When the mass is further cooled after complete solidification, the 
crystals progressively contract, unlesH, as i sometimes the eaae, they undergo 
an allot rupic. transformation or other internal chaftgo, which may involve 
an actual increase in volume at tho particular inversion. 

."*rd, The solubility of gaseous impurities is almost invariably greater 
in the. liquid than in the* solid hotly, and in consequence a large proportion 
of the ga which may be held in liquid solution by the metal in suddenly 
liberated, whilst the solid crystals are beinij formed. Moreover, the solu- 
bility of pises in liquid metals varies considerably, and usually increases 
with the temperature. Hence, even whilst- the liquid masH is cooling, and 
before any solid crystals have separated, relatively large volumes of gas 
are set free*, 

in addition to the above diitteulties, each of which the steel metallurgist 
has to contend with, lie in still confronted with another viz., the fact that 
alloys like steel do not aolidify bodily at one temperature, but over a range, 
which varies within wide limit* according to- the composition of the metal, 
and, as will be seen later, it in thin circumstance which is the cause of the evil 
known as egregation. 

Before <liffcuHing in detail the numerous defect* to which ingot steel is 
subject, as & consequence of the above physico-chemical phenomena, a brief 
study of tho free/ing of less complicated substances will be advantageous. 

We may first take tho ease of a jxrfectly pure liquid metal which is free 
even from traces of dissolved gases, but which contracts in volume when it 
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passes from the liquid to the solid at ate. Under theno romUtiomi. wh*n the 
liquid mass cools down to its solidifying temperature, rryntu! an* tif|H>*ittHi 
at the surfaces of the mould, and form a nolid wist or *hfll around f h* hijuid 
interior. These crystals take up poBititwrt uppruxintatvly At rijhl aut;rla 
to the surfaces of the mould, and continue to grow inwanin in that way $ut 
more solid separates from the liquid (nee %. 7l) This priM^jt* ^MH on until 
the whole mass has become quite solid by tint fnu/.injt of th iii?4t tniru of 
liquid in the central axis of the ingot, In jx^rftn'tly pun* mrtal* or ciu|Hiumi]>t 
the liquid which finally solidifies has exactly thu Htat roiujuHUiua I 




Kg. 79. Brokon lagot, showing how th i' 

Mould* 



which was first formed at the outer Kkeli <f th,, i^.a, mi4 liJ,MU..| t n, 
late stages there is considerable ailliwiin- l4w,.mii tl,,, t.*ii*.f,if.i^ ..f fin. 
outside and centre of the ingot, th urtuid t*'ui|H.rHUm* U f *lu,-j, ,,.Ji .^n 
passes from the liquid to the Hulici Htato in idtiiiinl, Tlir ,,.! j., ,, M t' how- 
ever, perfectly sound, because a each noiid rryMal IH ilfMH^i...! n ,n^ m ^ 
a smaller volume than it did when in th liquui r.militioji, Ii4 HM fli, ^t^nml 
dimensions of the ingot are decided in th i.irlv tiv. ,v t h- fH,l,,i ,!d! i mt 
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cases the surfaces of the pipe are generally smooth, and a vertical section 
of the ingot usually shows a cavity somewhat like that shown in fig. 80. 

When there is no difference between the specific volume of the liquid 
and Holi<l T little or no pipe is formed, and if an expansion occurs at the freezing 
temperature the top surface of the ingot will be more or less convex in shape* 

With pure metals which in the liquid state take up gases either from the 
atmosphere or from the products of combustion that come in contact with 
them, the solid ingot is much less sound than in the above eases. 

Although the solid metal may be capable of retaining a certain quantity 
of these gases in solution, its capacity in this respect is always less than that 
of the liquid, and in consequence a very large proportion, if not all, the 
gases held in solution by the liquid are liberated a little before or at the 
moment it passes into the solid state. Most of the gas which is sot free in 
the early stages of solidification rise through the residual liquid interior 
and bubbles out at the top. ".Before long, however, this is prevented by 
the formation of a crust of metal at the top, which will not afford a free 





Fig 81. 



outlet for the gun which is subsequently liberated. Once this top crust has 
been formed, the gas still able to pass through the liquid finds its way into 

and goH to increase the siao of the pipe which is forming in the ingot. There 
is ummlly u t'ortuin quantity of gun which dews not reach the pipe, but is 
mcchunicully trapped inside the* body of the ingot, owing to the metal be- 
coming too viscous to allow it to rise. Homo gas is also trapped by the 
brunches of the* skeleton crystals that are so rapidly thrown out, intercepting 
ueh other, und forming a solid boundary which encloses liquid. AH this 
enclosed liquid solid ifuw, the gas which it throws out of solution in confined 
within the boundaries thus funned. The vertical section of an ingot which 
liiiM Holulifiotl in this way will approximately present the appearance shown 
in fig, HI % with a pijK 1 near the top arid blowholes throughout the mass. 

In the CUHPH hitherto considered, each part of the solid in^ot has been 
SftutnuKi to potmen the same chemical composition. With steel the con- 
ditimiK nr totally different, because during the whole period of solidification 
the solid crystals that are twing formed, and also the liquid, are constantly 

G 
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unif 
x'ot. 
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changing in relative composition. It w on account of tfiw pr 
the percentages of carbon, sulphur, phcwphonw, <tr,, whirl* wri 
distributed in the liquid metal, vary coiiskitTiiliIy in fhi* wlul 
causes of this variation are of such a phyniro chi'intm! imtttn* u* 
both practically and theoretically imjwjwiblo ft* proiiuro law Ml 
which shall be absolutely uniform in t'nmjMwtiun. Tit** lititmi winrh i 
last to solidify always containa a greater prop rt ion of ruriuai, phcHpli 
sulphur, etc., than the solid cryHtals which art* fonuiu! tiurin^ flu* rarl H 
of solidification. Since it is hnpcwwiblo to prevent fliw 
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perature at which the mass becomes completely solid is lowered, or, in other 
words, the last trace of liquid to solidify contains a higher percentage of 




Pig 83 - Photo of an Auto Sulphur Print of the Section of Three Crystals ol 
Stcol (Mwf/). 



carbon. At any temperature between the liquidus AB and HolidiiK A (IB 

the composition of flu 1 solid metal and of the liquid metal in equilibrium 

can be ascertained by drawing a line parallel to the 

base at the required temperature to meet the solidus 

and liquidus lines. The solid and liquid in equili- 

brium at temperature y are respectively represented 

by the points y' and y". In the same way it will 

be seen that the composition of the last trace of 

liquid to solidify is represented by the point B. 

It is evident that the; composition of the first crystals 

that are deposited from a liquid steel containing x 

per cent, of carbon (i\^. Sli) will contain x*' per 

cent, of carbon, and the solid which subsequently 

settles around those primary crystal branches will 

contain more and more carbon as the temperature 

is lowered, If the rale of cooling be B!OW enough the 

excess of carbon contained in each of the .Muccesmvo 

layers of smiill crystals will diffuse inward to those 

that were previously formed, and which contain Je v ,*t 

carbon. The time that would bo required for this 

diffusion to be complete is not known, but in the 

freezing of teel ingots under works conditions the 

cooling is certainly too quick to permit perfect 

diffusion. It is, therefore, impossible in commercial ^. ^ ....-.(Jrwtp ot Ory- 

prac-tice t( prevent- s^n^ation, AH the crystals " ^'nla "tab'ii from Pipe 

; urow towards each other and towards the centre ol Cavity of Stwl Ingot. 
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the mould, the remaining liquid which is constantly beromintf rirhr m 
carhon is gradually driven into the centre of the ingot, Hence the utitMufa 
shell of an ingot always contains less carbon than tin* a virago of t! 
ingot; in fact, the carbon content increases with tho tiistam-f fruu the 
surface upon which solidification began. 

Both the sulphur and phosphorus contained in the initial lii|iinl an* 
concentrated in the final liquid to a greater extent than th carbon, Jim 
is largely due to the fact that they form mixtures with th iron, which havo 
relatively much lower freezing points than the iron-carbon mixture*. Som 
of the segregation sulphur and phosphorus mixture*, like thowj of carbon, 
are mechanically trapped between the cryatata which are form**} at an early 
period, but a large proportion is progressively squeezed to wan in the rejitri. 
of the ingot. The last trace of liquid which solidities even around t in* rrvHtai*, 
and particularly towards the middle of the m#ot, is, therefore, uhvav* n*la 
tively high in sulphur and phosphorus 



Fig. 85, 

" Intercrystalline segregation " of sulphur w clearly liwn in Ik' 
taken from a paper by Dr. Stead, 1 and the aulphitfo f ni|*|^i m e,irh rr 
serves to show its dentritic structure. Fig. H4 m a phot^raph of a l/ 
of crystals taken from the pipe cavity of a steel ingot, 

Segregation. Mr. Stubbs 2 was probably the firnt tmlnnv ati 
to the fact that cast-steel ingots are not chenm-ally Imw^n^m am 
a redistribution of the elements, carbon, sulphur, uml iliMi|i,.rit 
place during solidification. G. J. Snolus* coofinued thin, ami Uvr 
obtained from a large ingot 7 feet long ami 19 x 1!* inrluw. Tw.. nh,-. 
this. ingot were cut off one 21 inches from the top mid tho oth.-r 1 iu 
&om the bottom Dn lings were taken from each ulicc ubiig a cliK 
line, and numbered as shown in sketch (fig. 85). 

1 Cleveland Institute of Knginmrn, . 
a Iron and Steel /*., No. I, 1881, p. 2C. 
3 Ibid., No, 2, 1881, p. 379, 
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Fig, 86. Ingot out through Centre (Talbot). 
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The analyses of these drillings were m follow* ; - 





Top, 








Carbon, 


Sulphur. 


! ,.,..,,. 


<"< 


1 


44 


03* 


01$ 


44 


2 


54 


04B 


WK) 


4 


3 


57 


OHO 


OHtl 


4! 




61 


WMJ 


OW7 


HI 


5 


68 


120 


m 


HH 


6 


77 


180 


142 


37 



-fill 



As regards the top section* it will be lliiit th jw s rr<tii4i;*i*fi of MI 
of the three elementa increase on from tin* imt.**iiii to th ri'it 

of the ingot. In the bottom auction, howuver, wlislst iltt*r m a irregu- 

larity, there is a tendency for thu cartxin. mliron, mni j)ht}f|thoruA nuif^iiig 
to become less on pasaing from tho outHidi* to flu* ri'titn*. Ii*fii 
are due to the drilling* having Imm tukt*n v*ry i*ii*w tu tin! imfiiiiii tl f t| )0 
isgot. 

Some idea of the dUtribution of rarlKiti. jilit*p!iriir* ( m 

ingots may be obtained by referring t** the liivnj m li^* .HI!. 



The Position of the Pipe and of the in 

Steel Ingots. 

Amongst the earlitwt inv<tigator of tin* iM-rurrrtif > <! hluuiiiflifH m 
steel ingots waB C. A, ('aHpriwoit. 1 Tin* main <*a!ur< iI ln i*rk inft m 
what is called the " CasjwrHHon tiibla/ 1 mlttrfi ilrnl ifii ili' |tiiilatv f tii 
ingots in relation to th (*aHting fitii|w:*fistijfi au4 iiiilum 
is no doubt that the tempera! tint to wliirli Mrrl m fuij 
final stages of its manufacture Iiai a smirktnl i*ffii ujton !hr |u:tsitif y 
gases as hydrogen, nitrogen, oxide* of riir!i*ni rtr , ii mil inl^ tit a 
in solution. The extent to wltktt the 
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with rising temperature and with dfrrt'Aj*m# riirlui t 40 . 

ever, been conclusively duniwtrfitI In- wrk, <-*>nnMuiiirttni In* 

Wahlbergj 2 that, apart from emrlmti, th fi!f*fnniil ru!o]>i<in JH is 
important factor in determining this ifnrify of the fur 

gases. The presence of mltcon, umi ittititiuuuin 

increases ; ^for example, the amount of w r-i*n U* r*uii!<*<l m i^lutml, 

The occlusion of by k not for uh*n tho int*tai w nwt 

and the temperature falls, a point w At tlfry in !. 

liberated from solution. This evolution nmtimiw 
and whilst part of theg&sm completely tlir mid 

becomes harmless, some renmiiM in the in^ot jttnl tht* rjivitiri 

as "blowholes." The extent to which them* nn* f.innrJ. HIP! *l*r 



* Jernkontorot't Annmter, 1882. 5, /run 
n. Iron and lmL f No, I, 
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their position in an ingot, depends very largely upon the particular stage 

at which the pises are thrown out of solution -i.e., whether before or after 
the solidification of the top surface of the ingot. Under normal conditions 
Brinell says that the factors which determine the soundness of steel ingote 

are those which hasten or retard the evolution of the ^ases occluded in the 
liquid metal. The increased tendency of the gases to become disengaged 
as the cooling proceeds is counteracted by the presence of aluminium, man- 




Fig. 9ft, 

ganese, and silicon, and if sufficient of these elements be present, the steal 
will become quite solid without any appreciable quantity of gas being liber- 
ated. As the quantity of aluminium + silicon + manganese present falls 
below a certain limit, the temperature at which the gases are set free is raised 
above that at which the mass solidifies. In fact, steel which contains prac- 
tically none of the above elements begins to liberate the gases from solution 
almost as soon as it enters the mould, and the top surface of the metal is 
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kept in constant agitation by the bubbles of gas rising from the mass. If 
there be too much aluminium, silicon, or manganese present, the steel is 
technically termed " killed," which means that no gas is set free during 
solidification. In such circumstances no blowholes are formed, but the 
piping cavity is both larger and deeper. The size of the ingot exerts an 
influence upon the position of blowholes, inasmuch as it affects the rate of 
solidification. Vertical sections of BrinelFs standard types of ingot are 
shown in fig. 87, and some of the corresponding transverse sections in figs. 
88 to 94. Each vertical series represents ingots containing the same corrected 
and combined percentages of aluminium, silicon, and manganese. This 
arrangement of the ingots affords a very good conception of the effect of 
size upon the soundness of ingots. Thus, it will be seen that, as the size 
of the ingot decreases, less aluminium, silicon, or manganese is required to 
produce the soundest type of ingot (No. 5). From his many researches Brineli 
determined the relative effect of the above-mentioned elements upon the 
soundness of steel ingots. He concludes that aluminium has 90 times as 
much effect as manganese and 17-3 times as much as silicon. Thus, 1-66 
per cent, of manganese without any silicon or aluminium, 0-32 per cent, 
of silicon without manganese or aluminium, and ()(.) 184- per cent, of aluminium 
without manganese or silicon, will give the same type of ingot as regards 
the position of the blowholes, etc. From thc.se figures Brincll constructed 
a triaxial diagram (fig. 95) by means of which the percentage of aluminium 
or silicon to add in order to produce the No. 5 typo of ingot for any given 
manganese content can be. readily determined. Thus, a steel containing 
0-4.0 per cent, of manganese and 0-12 of silicon will require the addition 
of 0-0068 per cent, of aluminium. It. should be remembered that, whilst 
Brinell's ratios as given above are probably independent of the size of ingot, 
the actual quantities relate only to ingots 10 inches square, and to metal 
top cast into almost cold moulds with walls 2 inches thick. If these con- 
ditions be varied, the amount of aluminium, etc., it is necessary to add 
in order to produce the desired effect also varies. This is clearly indicated 
by the illustrations given in lig. 87. 

Blowhole Segregation* 

The interesting and important practical fact that the blowholes formed 
in steel ingots during solidification may constitute pockets in which liquid 
segregates, containing high percentages of impurities, can subsequently 
collect was first demonstrated by Dr. Stead. 1 He examined an ingot which 
had the following dimensions and analysis : 

Dimensions 

Length, 5 feet 2 inches. 

Breadth, 2 2 

Thickness, . . . . . 1 8 

Analysis 

Carbon, 0-13 per cent. 

Manganese, ..... 0-32 

Sulphur, .' . . . 0-064 

Phosphorus, .... 0-034 

1 " When Steel Freezes," Cleveland Institute of Engineers, 19W, p. 33. 
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He says : " There was evidence that the steel had risen in the mould 
after casting to the extent of about 6 inches a clear indication of unsoundness 
or honeycombing. The fracture showed an outer solid layer of about f inch ; 

then honeycombs for about 2| inches, tapering inwards, but very unevenly ; 
then perfectly sound steel to the centre. Jt resembled Brinell's type NOB, 6 
and 7, excepting that the envelope of solid steel was thicker, and that many 
of the blowholes, instead of being BO continuous, about half of them were 
continued to the full distance of 2J inches. In ono place, at a distance of 
| inch from the outride, there were about thirty small cavities )>er square 
inch, the mean diameters being respectively about ^ inch and -^ inch, 
(Some of the blowhole walls were tinted brown mid yellow, and many were 
coated at their inner extremities with a dull gruy layer. On placing lip 
of acidulated bromide paper against these dark fifma, the films readily 
dissolved, leaving bright metallic aurfaces of wttiel below, whilst tho silver 
bromide was blackened by the evolution of hydric sulphide a proof that 




Fig. 90.- Blowhole* Bex rogation uliowinx Hwwiilni of Original Htim-hctlft tncl flu* Htgivgiii 
which had !wn fowd into the ('avity (A'toul), 

the films were rich in sulphides. It was noticed that beyond this ter- 
mination of the large rontinuoiiH radial blowhohw there went a few isolated 

independent spherical cavities, An it seemml probable that might 

be associated with blowhole seg relations, sections were cut from the 
where they were, detected. {Examination of one of those proved that there 
was segregation. The photograph (fig, 96) Rhowst tho poaitiou of cm 

of the cavities and the accompanying segregate, This indicates that the 
hole was originally twice tho size of tho remaining cavity, and that 
about half of its volume is occupied by a segregate rich in phosphorus 
and sulphur, which had been forced into it by internal pressure," Dr. 
Stead estimated that tho segregate contained at least (HO per cent, of 
sulphur and 0-5o per cent, of phonphoruH. He considers that at the high 
temperatures of solidification the sulphur is in combination with iron as 
FeS, and not with the manganese. Thin view in strongly supported by the 
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fact that, whilst the segregation of sulphur is quite marked, that of man- 
ganese is almost negligible. At lower temperatures sulphide of manganese- 
is formed in accordance with the following reaction : 

EeS + Mn = Fe + MnS. 

The fact that blowhole segregation of sulphur will occur in a steel ingot 
with a normal average percentage of sulphur in very important to the steel 
manufacturer, because if the blowholes happen to bo situated comparatively 
near the outer surface of the ingot (nee typws (5 and 7, iigs. 87 and 1U), they 
will involve a marked concentration of Hulphur whero it ia least desired. 
This kind of sulphur segregation in what may bo otherwise regarded an good 
steel, will undoubtedly produce red-shortnoss and surface cracking during 
the rolling of the material. A steel of excellent average composition may 
thus give all the characteristic features of high sulphur steel, which means. 
greater trouble in the rolling mill and a poorer wirfauo finish on the final 
article. 

As showing the extent to which blowhole seg legation may develop, 
another example may advantageously h considered. 
__ This was a case of a rather heavy ttwl easting, which 
had to be machined. The average phosphorus content 
was somewhat abnormal -viy,., u-l-l per cent. Whan 
placed in the lathe, for machining it was found that 
the tool had no c fleet whatever upon one Hide of a 
flange marked A, Jig. 97, whilst no difficulty was 
experienced in machining any other part of the 
casting. On breaking pieces oil that part of the 
casting largo numbers of blowholes were, found im- 
mediately underneath the skin. The broken pieces 
were quite brittle, und an analysis showed that the. 
average phosphorus content was over u*G percent. A 
microscopic examination clearly demount rated that in 
certain areas the phosphorus was even us high or higher 
than 10-0 par cent, (nee photograph, fig, l*S). 

Blowhole segregation is caused by the high gaseous 
pressures inside the ingot forcing the impure liquid into the* previously 
formed cavities. In the early stages of solidification the liberated gases 
can escape freely from the top Hurfuco of the ingot, hut when the top is 
sealed the gases accumulate and exert very hijjh pressures inside the 
ingot. 

There have been many papers published dealing with the effects of piping 
and segregation, and the means by which these evils can be minimised and, 
under certain conditions, more or lew neutralised. It in not possible in a 
work of this nature to give a complete bibliography of the Hubjoct, but this- 
has recently been so ably done by Sir Robert Hmifield ! at* to render it 
unnecessary now. In a paper by II. M. How*,* in which he dealn with the 
causes and prevention of piping in ftteel ingots, and the causes and restraint 
of segregation, he arrives at the following conclusions : 



T 

A 



Fig. 97. 



**.. No. 2, 1012, p. 1 U. 
mof the American iMtii^of Mining Knffintw. 1007, pp. 169-274. 
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The pipe is shortened and the position of the segregate in the ingot is. 
raised- 

(1) By top-casting instead of bottom-casting ; 

(2) By slow casting ; 

(3) By casting with the large end up instead of down ; 

(4) By retarding the cooling of the top by means of a sinking-head or 

otherwise ; 

(5) By liquid compression ; and 

(6) By permitting deep-seated blowholes to form through adjusting the 

quantity of silicon and manganese or their equivalents. 
The pipe is shortened and segregation probably increased 

(7) By casting in wide ingots ; 

(8) By using moulds of low conducting power- i.e., lined with sand or 

clay ; 

(9) By using pre-hoated moulds. 
Segregation is restrained 

(10) By casting as cool as practicable ; and 

(11) By casting in small ingots. 




^ig, 98. Blowhole Segregation of Phosphorus in Cast SteeL 

Fluid Compression* 

Broadly speaking, there are four methods in use for subjecting steel 
ingots to high pressures, whilst the interior is still in the liquid condition. 
These are the Whitworth, *I1 ling worth, Harmet, and Williams processes. 
In each of these the object aimed at is to counteract the natural tendency 
to form a piping cavity as a result of internal contraction by reducing the: 
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Fig. 90. No. 3 Scries. Stool with Aluminium Addition* (TnlM). 



A. Ingot cut down longitudinally through th centre, showinir cavity 
B.-feeim-cogged ingot, cut down longitudinally through tho w,tro, <-o Klf l a* i n ordinary 

5 18x W TI inollf ^ ^ ffl0d " P ^ tlli8 8tag<> ( " : ' ; afineh fai^SS 
C.-Semi.cogged ingot, cut down longitudinally throu K h tho contn>, CORK! whilst centre 

disftppcarod at ** stas (sS x 25 - inoh ingot 



THE SOLIDIFICATION OF STBRL INGOTS, 



external dimensions of the ingot. Liquid compression also minimises the 

degree of nog relation* The abov^<mt.mti0ned method** differ in the manner 
of "applying the prtsur. BriHly, the juvsnuro is applied lengthways in 
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Whitworth's process, in Illingworth's process sideways and uniformly, in 
Harmet's process endways in a conical mould, and in Williams' process 
sideways and chiefly near the middle of the ingot. 

Quite recently Talbot x has introduced a new method, which apparently 
possesses the advantages of being relatively simple and inexpensive. In 
: this method lateral compression is applied by cogging the ingot down, in the 
ordinary cogging mill, whilst the centre is still liquid. The inventor of this 
process suggests that it may be applied to such classes of steels as rails, etc. 
It is, however, admitted that to do this a much better control over the times 
of tapping the furnaces would have to be secured, and an extremely careful 
regulation of the times, between casting and cogging down would have 
to be maintained. 

The complete removal of the piping by Talbot's method of lateral com- 
pression is very clearly illustrated . in fig. 99. The longitudinal section 
through the centre of an ingot which has been allowed to solidify in a normal 
manner is shown in A, and from which the position and size of the pipe 
cavity can be seen. B is a section of a similar ingot which lias been partly 
cogged down, and as the whole of the ingot was, sol id, the cogging has simply 
elongated the cavity. C represents the vertical section cut through the 
centre of another ingot of the same kind, but which was put through the 
cogging mill whilst the interior was still liquid. 

Another interesting fact concerning this process is that it actually dis- 
places the segregate from its normal position in the upper central part of 
the ingot, and distributes it fairly evenly between the outer vertical walls 
and the central axis of the ingot. Hence rails, etc., manufactured from ingots 
that have been treated in this way do not contain the segregated area in. the 
middle parts of the section, but in the positions .shown in fig. 100. 

* Iron and Steel Iml. t 1913, JNo. 1, j>. 30. 
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IRON-CARBON STEELS. 

THE effect of carbon on the mtH'hanic'al propertitH of stoel has been the 
subject of many investigations, notably by Prof. Arnold * amongst. other*. 
The analyses of the Mecls with which ho experimented are ^ivon in Tablu III. 
From these figures it will he seen that the percentages of nil the mipuritba, 
including manganese, tire extremely low, and, therefore, tho mechanical 
properties of the series may be accepted n ht'in^ roprtmtintativo of piira 
iron-carbon steels. It in, however, necensury to note that in the annealed 
samples the two steels containing 1-20 and l'*17 per <*fnt. of carbon thero 
was respetrtivciy t^*2H and I'M \wr cent, of carbon in the uncombinttd or 
graphitic conditi(n. Thin is an interesting fact, imcause if vtry frcibly 
illustrates t-he facility with which carbide of iron, Ft%C' in decomposed into 
its constituents when the sti*l are practically pure iron- carbon alloys. It 
also shows the necessity of having it certain quantity of iiian^ant*se in hiyh 
carbon steels to retard or prevent- this decomposition. 

The figures for the tensile projierties of the series in the anneatis! statu 
are given in Table V M and plotted ^raphieally in lijjjs. lot and lui*. In this 
instance the term anneuliiaj; refers to heating the burn in quicklime in n 
covered cant-iron box to a temjwrature of 1,(HM'" C\ fur 72 hours, aiui then 
allowing them to cool in the luted furnace during 1<K) hours. 

TABLE HI. -AXAU 



Hltl|i)}itr 



0-OH 
O'lM 
<KW 

0-59 
0-74 
0-89 
1-20 



0*03 



o-is 



()? 



it-oil 
0*07 



iM 

(MO 

t-(ni 



0413 
IMl.l 



0-02 



0-02 
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Carbon. 


Blmtic Limit. 


Maxim inn H tress. 


Elongation on U". 


Reduction nf Art**. 










J 


0-08 


Tout jwr mi, In 
12-19 


Ton jwr wj, inch. 
21 39 


Ptr wit, 
46-0 


I 
Far eeot, i 
74-8 1 


0*21 


17-08 


25-39 


42-1 


67 -8 


0-38 


17 05 


29 '94 


34-5 


56-3 ! 


0-59 


19*82 


42-82 


I-9 


22 7 ! 


0-80 


24 -HO 


52 40 


13-0 


15-4 1 


1-20 


35-72 


61 -05 


8-0 


7-8 1 


147 


32-27 


M'll 


2 >8 


_'^. i 



It will be observed that the elastic limit and ultimate 
increase with the carbon up to 0-bU per cent., and thou decrease as the carbon 




Fig. 103. ftorlion RtwO. 

Carlxm .* !*20|M*rmit. 
White (Vntentito. 

Dark IViirlltt** 

is further rawed. The ductility of the same H|Hn*mi<m* ( a* wproHonted by 

the elongation and reduction of urea, falls an the carbon in rained to 08D per 
cent., and then again increases Thin incrwuwd ductility IH really dm t-o th* 
presence of ^ free farrite resulting from the deconipimitirwi of carbide of iron, 
The diHcontinuity in the pn|wrtiiH which occur with H-Hi) | M r cent, of carbon 
in annealed Ktel in, hownver, vi<l<*nt, OVIM when the whole of the carbon 
is in tho combined state. It k expliune<I by th fact that at 0-81* pr cont, 
of carbon tho ateol corrmpontb with tho outectoid composifion. With less 
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than that amount of carbon there exists an excess of ferrite over that requi 
to form the mixed constituent known as pearlite. With more carbon f 
cementite or carbide of iron surrounds the pearlite (see fig. 103), and the ha 
brittle nature of cementite in this form brings about a deterioration in 
mechanical properties of the mass. 

The properties of the same steels in the unannealed or rolled condit 
are given in Table V., and plotted in figs. 104 and 105. As would be expect 
it will be seen that the elastic limit and ultimate stress are higher than 
the annealed specimens, whilst the elongation and reduction of area 
lower. The abrupt change in the tensile properties does not occur at 1 
eutectoid composition, but at 1-25 per cent, of carbon. This is, no dou 
due to the cellular walls of cementite having been broken up in the operat 
of rolling, an action which apparently is not possible when the carbon reaa 
147 per cent. 

TABLE V. TENSILE PROPERTIES OF ANNEALED BARS. 



Carbon. 


Elastic Limit. 


Maximum Stress. 


Elongation on 2". 


Red notion of AT 


0-08 


Tons per sq. in. 
8-82 


Tons per sq. inch. 
18-34 


Per cent. 
52-7 


Per cenr. 
76-7 


0-21 


9-02 


21-25 


42-3 


65-7 


0-38 


9-55 


25-02 


35-0 


50-6 


0-59 


11-36 


31-87 


22-0 


23-3 


0-89 


16-81 


36-69 


4-5 


4-2 


1-20 


16-19 


32-87 


6-0 


4-9 


1-47 


10-08 


22-33 


19-0 


17-7 



From the above figures it will be seen that the mechanical proper! 
of steel are very materially influenced by the mechanical or heat-treatm< 
to which they are subjected. Variations of this kind are invariably acco 
panied by more or less well-defined differences in the structural constituti 
of the mass. Most of these structural differences are readily revealed by 
examination under the microscope, and an approximate idea of the proper! 
of the steel may thus be obtained. Broadly speaking, any treatment wh: 
reduces the size of the constituent crystals contained in a metallic alL 
such as steel, brings about an increase in the elastic limit and ultimate strc 
and a corresponding fall in the ductility, and vice versd. Various hypothe 
have been advanced to 'explain this, but at this stage it is unnecessary 
refer to them. 

A very clear illustration of the influence of crystal size upon the p 
perties of steel is shown in fig. 106, which depicts four well-defined conditic 
in which the pearlitic areas may exist in steel, and their correspond] 
mechanical properties. It is, therefore, quite obvious that a chemical analy 
alone is no real guide in deciding the mechanical properties of steel. 1 
factors which affect the internal structure, and consequently the proper! 
of steel, are : 

1st. The temperature to which it is heated prior to rolling, and the ti: 
it is ]ept at that temperature. 

2nd. The amount of deformation^ or reduction of area, during rolling. 
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3rd. The finishing temperature of rolling. 
4th. The rate of cooling. 

In regard to the first, the crystals of steel grow when at temperatures 
above the highest recalescence point, and the rate of this growth increases 
as the temperature is further raised. The time factor is also an important 
item in this connection, and this is especially the case at very high temperatures. 

2nd. During rolling, the deformation of the metal m contuntly breaking 
up the crystals into smaller ones. 

3rd. Since the recrystalliaation and crystal growth which in proceeding 
during the process of rolling is retarded aa the temperature fall*, it follows 
that the lower the finishing temperature the* smaller will be the crystals 
in the finished steel 

4th. The rate of cooling plays a very important n'lo. and this in more 
particularly so as regards the range of tewpratur<H between about 7W (j. 
and 500 0. It is within these tomperutureH that the t roost iiic {Mwrlite, 
which is first formed as tho stool cook through tho Ar t change, pamten into the 
coarser forms of the same count iti writ. 

Prom the foregoing, it will bo recognised that any formula for calculating 
the strength of steel from its chemical computation nm have only a limited 
application, and to bo of any real value the condition* of manufacture must 
be known, and should be the same an thoao which prevailed for the HtaniiarJs 
from which the formula was deduced, 

H. H. Campbell l has made ft most careful study of thin subject, and from 
a very large number of observations ha has established a number of formula*. 
The results upon which ha base** hm conrluttionH were obtained from steel 
bars 2 inches by f inch, which had been hammered iuui rolii'il from ingot* 
6 inches square. Campbell's conclusions are an follow* ; 

Carbon.~h\ acid steel each (H)I jwr cent, of carbon htn'ngth^nn Htul 
by 1,000 IKs. per square inch, when th carbon in tlHurtuiniHi by com- 
bustion. The strengthening effect in l,M<> Ibn, for tach U-fil jr <*ont-, t as 
determined by colour, owing to the fact that- the colour t*M *!*' not deter- 
mine all tho carbon present. 

In basic steel each 0-01 per cent, of carbon *itrenglln*nM ntwl by 770 Ilm. 
per square inch when the carbon in tletenniniMl by comhuHtion, Tim 
strengthening efiect is 820 lb. for 'oaeh HHil per cciii., as iliMerutimui by 
colour. 

Phosphorus. Each (M)l per cent, of phonphorurt itr*ngthenH wteel by 
1,000 Ibs. per square inch. 

Mwujanese.'RB.ch 0*01 per cent, of nwnyane?*i has a .Hfrenvithening 
effect upon steel, and tho effect is greater EH I fir*, carbon cnnivnt incroaKos. 
Below a certain content of manganic the effect- is c-omplicated by aomo 
disturbing condition, probably iron oxide, mi that a decrease in tnangaucne 
in very low carbon stools is accompanied by an increase in htron^th. lu 
acid steel each increase of (M)l per cent, uf ntanyaneKi* aiove tl-4 per 
cent, raises the strength of the nteel an amount vary ins* from Hil liw, in a 
metal containing 0-1 per cent, carbon to 4<K> Hw, m a metal containing 
040 per cent, of carbon. In basic steel each increase ubov<* u-p |>er 

Iron and Steel J>wt, No. II, 11MH, p, (IL 
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Mechanical Propertied of 

Mass. 



Maximum tensile strew 
about 70 tons per square 
inch, Elongation on 2 
inches about 10 per 
cent. 



Maximum t<ntilo atrom f 
about 56 ton* jwr sqxiaw J 
inch. ICiongation on * j 
inches - about IS per 
cont. ! 



Maximtirn tnHi! tn*w 
about 35 toiiri jw^r Ni|tmr 

iiicih, Klonju(att>n on 'J 
inches i.-. about 5 jHr 

OCillt. 



Maximum tennili* 
about 30 toil* per 
inch. 



Miorostmotura. 





Segregation 



IHT 

4 Sorbitie " pearlite with 
dark on etching* 



2 Nil I'lIAHIC. 

Normal poarlitt* with wmi 

on otohifig, 




PHASE. 



with 



Kt*j( Exhibiting a play 
of gorjttowi colour* whun 
lightly etohod* 




4TII 1*11 AUK. 



into mawivo Fo^O and ; 
ferrito. ! 



Nate.- -It IK im|Kirtaiit to wmrmlwr that in a lingla section of steol two or iv<*n all 

thrco phanofi of {warlito may b observed in juxtaposition gradually merging into <ac?h 
other. 

Pig. 100. Showing the Propertied of Pearlite and iti Decomposition Product* 
KojCJ" represented Blwk (Arnold and JI'' 
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cent, raises the strength an amount varying from 130 Ibs.^ in a metal 
containing 0-1 per cent, of carbon to 250 Ibs. in a metal containing 04 per 
cent, of carbon. . 

Sulphur. The effect of sulphur on the strength of acid and of basic 
steel is very small. 

Formulae, From the above results, the following formuhe may be 
written, in which C = 0-01 per cent, of carbon, P = 0-01 per cent, of phos- 
phorus/ Mn = 0-01 per cent, of manganese, R = a variable to allow for heat- 
treatment, and the answer is the ultimate stress in Ibs. per square inch. The 
coefficient of manganese in acid steel, called x, is the value given in Table 
VI., and applies only to contents above 0-4 per cent. Tho value of man- 
ganese in basic steel, called y, is the value given in Table VI L, and applies 
to contents above 0-3 per cent. 

TABLE VI MANGANESE. 






Per 


Per 


Pei- 


Per 


Per 


Per 


Per 


Per 


Per 


Pel- 


| 


cent. 


cent. 


cent. 


cent, 


cent. 


cent. 


cent. 


cent. 


cunt. 


cent. 


rt 

O 


0-42. 


0-44. 


0-40. 


0-48. 


0*50. 


O'M. 


0-64. 


O'Mt. 


0"5H. 


0'(SO. 




Lbs. 


Lbs. per 


Lbs. per 


Lbs. per 


Lbs. per 


Lbs. per 


Lbs. per 


Lbs. per 


Lbs. per 


Lbs. per 




per 
sq. in. 


sq. in. 


sq. in. 


sq. in. 


q. in. 


aq. In. 


Hq. in. 


J*q. In. 


K<I. in. 


B<{. in. 


0-10 


160 


320 


480 


640 


800 


980 


1,120 


1,280 


1,440 


1,000 


0-15 


240 


480 


720 


960 


1,200 


1,440 


1,680 


1,920 


2, H$0 


2,400 


0-20 


320 


640 


960 


1,280 


1,600 


1,920 


2,240 


2,560 


2,880 


3,200 


0-25 


400 


800 


1,200 


1,600 


2,000 


2,400 


2,800 


3,200 


3,000 


4,000 


0-30 


480 


960 


1,440 


1,920 


2,400 


2,880 


3,3(50 


3,840 


4,320 


4,800 


0-35 


560 


1,120 


1,680 


2,240 


2,800 


3,360 


3,920 


4,4 HO 


5,040 


5,000 


040 


640 


1,280 


1,920 


2,560 


3,200 


3,840 


4,480 


5,120 


5,700 


0,400 


0-45 


720 


1,440 


2,160 


2,880 


3,600 


4,320 


5,040 


5,700 


($,480 


7,200 


0-50 


800 


1,600 


2,400 


3,200 


4,000 


4,800 


5,000 


6,400 


7,200 


8,000 


0-55 


880 


1,760 


2,640 


3,520 


4,400 


5,280 


0,160 


7,040 


7,920 


8,800 


0-60 


9CO 


1,920 


2,880 


3,840 


4,800 


5,760 


0,720 


7, HBO 


8,040 


9,000 
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Carbon. 


Per cent. 
0'35. 


Per cent. 
0-40. 


Per cent. 

(1-46. 


Per cent. 
0-50. 


Per cent. 


Lbs. per 
sq. inch. 


Lbs. per 
sq . inch. 


Lt s. per 
sq. inch. 


Lbs. per 
8q. inch. 


0-05 


550 


1,100 


1,650 


2,200 


0-10 


650 


1,300 


1,950 


2,600 


0-15 


750 


1,500 


2,250 


3,000 


0-20 


850 


1,700 


2,550 


3,400 


0-25 


950 


1,900 


2)850 


3,800 


0-30 


1,050 


2,100 


3,150 


4,200 


0-35 


1,150 


2,300 


3,450 


4,600 


0-40 


1,250 


2,500 


3,750 


5,000 



Per cent. .' Per cant. 


0*f>f>. \ <)(). 


LbB. per 


Lbs. per 


Bq. Inch. : nq. inch. 


2,750 


3,300 


3,250 


3,900 


3,750 


4,500 


4,250 


5,100 


4,750 


5,700 


5,250 


6,300 


5,750 


0,900 


6,250 


7,500 


i 



Formula for acid steel, carbon by combustion : 

4AOOO + 1,000 C + 1,000 P + x Mn + K = ultimate stress. 
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Formula for acid steel, carbon by colour : 

39,800 + 1,140 C + 1,000 P 4- $ Mn 4- B = ultimate stress, 

Formula for the basic steel, carbon by combustion ; 

41,500 + 770 + 1,000 P + y Mn + R = ultimate stress. 

Formula for basic steel, carbon by colour : 

42,000 -f B20 C -I- UXX) P -|- y Mn 4- R ultimate stress. 

Those formula* are extremely useful in the management of rolling mills, 

etc., and may be used for quite a wide variety of steel sections, 
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CHAPTER VIIL 
PHOSPHORUS, 

THE condition in which phosphorus exists in iron and Htool has been studied 
by Percy, 1 Schneider, 2 Cheevor, 3 Juptner,* Stead, & unti of here, By far the 
most important of these investigations in that by Stead, which consists 
of a most careful chemical and metallographieal dotwminat ion of the various 
combinations that iron and phosphorus are capable of forming. Among 
the many important facts which ha has clearly established are ; 

1st. That slowly-cooled iron in capable of holding in solid solution 1*7 
per cent. of phosphorus, EB phosphide, Ko a l\ Commercial wrought iron 
and steel containing low percentage.-* of carbon contain the phosphorug in 
this condition. 

2nd. The existence of the compound Ke a P is placed beyond doubt. 
This compound and the above solid solution forms a eutet'tir mixture con- 
taining 10-2 per cent, of phosphorus. 

3rd. Another chemical compound Fc^F k formed, which gives rise to 
a second eutectic, with Fe.jP containing LV5B per cent, of phosphorus. 

The wonderful accuracy of Stead's work was confirmed by Saklatwalla * 
in his thermal investigation of the iron -phosphorus system, from which he 
constructed the constitution diagram (Ug. Iu7). .This diagram calls for 
no special comment, because its interpretation w <lf -cvilnt. It in, however, 
rather unfortunate tiiat the details which have n direct bearing upon the 
question of steels are missing ; in other words, twcuriite daferminations 
of the eSect of phosphorus upon the Ar 3 and Ar t criticul points are still 
needed. 

As regards steels, the importance of Stead's work lies in the data he lias 
published relating to the range of solid solutions containing less than 1*7 per 
cent, of phosphorus, and the effect upon these of increasing jMsrcentagos of 
carbon. 

Concerning the effect of phosphorus alone without the intervention of 
carbon, Stead says : - k * In proportion as the phosphorus is increased from 
0*0 to !? per cent., specimens darken quicker when etched under the name 
conditions. The dimensions of the grains also becom** larger as tin* phosphorus 
is raised, and when about H> per cent, is present elavag fares more than 
an inch in diameter are frequently found in the fractured material 



1 Met. of Iron and #teef, London, IS*W. p. 64. 

2 Oesterreichwche Zeitachrift ftir Berg- und HuttenvxMtn, 1886, p. 7311 ; 1887, p. 362. 

3 Trans. Amer. Imt. Afng. Enym. t vol. xv., p. 44H ; vol. xvi., p. 2tl!K 

4 Oeaterreichische Zetttchrift fur Berg- und fiutttntwMn, IS04 f p. 20B. 
* Journ. Iron and titotl Iwt.> 1000, Ho, 2, pp. 00-144, 

Ibid,, 1908, No 2, p. 92. 
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" The hardness of iron is steadily increased with each addition of phos- 
phorus, until, when it is saturated and contains 1 *7 per cent, of phosphorus, 
it takes a well-hardened drill to drill it properly. The saturated solution 
has a hardness of about 5*5 on Mohr's scale. 

" Heat-tinting does not give gradation in colouring between the outside 
and centre of the grains, even when the phosphorus contained in them varies, 



ISOO 



1400 




BOO 



Fig. 107. 

but strong etching leaven the parts that were last to solidify relatively darker 
than the middle of the grains. Although the structure of pure iron and iron 
containing up to 1-7 percent, of phosphorus shows a similar type of polygonal 
grains, there are certain difference!! in their etching properties. The polished 
surfaces of the phoaphoretic metals, on being etched with exceedingly dilute 
nitric acid, were transiently prismatically coloured. The different grams 
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assumed different colours, and on a single specimen wore to he Beau grains- 
coloured yellow, orange, red, purple, green, anil blue. They changed rapidly 
from one colour to the others, and finally the colouring vanished with the 
continued action of the acid, and a brown stain or deposit wan left on the 
surface, which eventually became black. Thin black matter could be removed 
from the surface by slight friction, and acid tincture of iodine partially 
destroyed it." 

Stead also made a number of very instructive exporimentH, in order to 
determine the effect of carbon upon the affinity or solubility of phosphorus 
in the metallic solid solution. Home of the figures ho obtained are given 
below (Tables VIII. and IX.) : 



TABLE VIII. 



Nos. 



Carbon, 



0-95 
0-96 
0-95 
(HW 
1-01* 



I*n' twit, 
(MKJ7 
(M)W) 
(H 
(KMT 
0'5-IH 



TABLE IX. 



NQS. 


Carbon. 


fwii K< 




For rent. 


1 <.! 


1 


nil 


nil* 1 


2 


0-125 


(H8 


3 


0-180 


0-59 


4 


0-70 


1-00 


5 


0-80 


| ,(KJ 


6 


1-40 


Mtt 


7 


2-00 


MB 


8 


3-50 


140 



J'hjihirutt hi 



MH 

o-7r> 

0-70 

O'fK) 
0-55 
0-31 



55 
77 
75 
7(1 
7 
7JI 
71 



From these figures it is obvious that carbon him the Hlwt of very materi- 
ally decreasing the amount of phosphorus which can be held in Holid solution 
by the iron, and causing it to separate m tho phcwphi<l of iron, Kc :i F. Further, 
it should be noted that the fleet in thi respect is even mow marked than 
would be expected when the amount of free iron present m taken into account. 
If the free ferrite which exists in these mixtures were Hutunited with phos- 
phorus, the alloy, No. 5, Table IX. f after making allowance for the iron 
m combination as carbide, should contain 80-0 per cent, of fcrrite {by weight), 
and, therefore, should be capable of holding 1-16 jwr uont. of phosphoriw 
in solution. The actual amount found to be in solution was only 0-70 per 
cent. The difference is approximately the same proportion in "the other 
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samples, and IH no doubt due to an imjMirftH't state 01 equilibrium. Htead 
says - -" It in probable that if the mass in each casts hud been greater, and 
the cooling Blower, the rotative proportion*! of phosphorus thrown out of 
solution would have been different," Another disturbing factor is the differ- 
ence in the solubility of the phosphorus w!u*n the steel is at temperatures 
just above and just below the Ar t or carbide change. Or, in other words, 
the solubility of phosphorus is no doubt diftownt in tha carbide solid solution 
or y-iron than in <z-iron. 

No direct determinations have \mm made upon the amount of phosphorus 
which steel can dissolve whan at temfxiratures just atmvtj tha Ar s change, 
but useful tlcduetioiw can be made from the data in Staad's pajwr. Thu, 
he coneludoB tliat a slowly-cooled penrlitio coutainitig about O w iK> |H*r 
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cent, of carbon holds about 0-6 |>er cent, of phonphorutf in Holution. 11* 

however, the fcirrite contained in such a were Maturated with phosphorus- 
it should be capable of liolding about 1-4 per cent, by weight. The actual 
figure, 0-6 per rent., therefore, seetiw to be governed by the condition that 
is, the amount of phosphorus which existed in milution jut before the carbide 
change. When more phosphorus is present the separates in the form 

of Fe 3 P as the cooling pr<K:ee<lA to the Ar x {K>int, and, after that change has 
occurred, the excess of phosphide is only taken in solution by the ferrite 
by keeping the moss at a temperature just below the Ar x for a prolonged 
time. 

It is known that phosphorus raises the temperature of the carbide change, 
a fact which indicates that this element is soluble in the solid nolutioa 
than in the products of its decomposition. 
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Fig. 101). Phosphorus Hogrcgntion. x 1JJO. 




Fig. 110. Phosphorus Segregation in Steel Bar. White Burs = Areas rich in Phos- 
phorus, from which the Carbon has been almost completely expelled, x 150. 
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Fig. 109 very clearly illustrates the fact that the critical points of steel 
are raise! by the addition of phosphorus. It was taken from a abrogated 
portion of steal bar, and was cut at right, angles to the direction of rolling, 
The segregate in thin instance was originally located between groups of 
crystals, and in eonnequenee the phonphoruH rich a roan are irregularly dis- 
tributed throughout the ninsw. The bar had been somewhat overheated, 
and showed a coarsely crystalline*, or what i Hornet imo-B called a granular 
fracture. After heating it piece of tin* nteel for two houn* at HIM)" 0,, the 
structure of the part* containing low phosphorus beciinta refined 'i.e., the 
crystals became much windier, indicating that they had piuvtod through 
the critical point**, whilnt thoiw high in phoHplmniM rmimtnod unchanged 
(see the darker area** with relatively large maHWH of pttarlita). The effect 
of phoBphoruH in exjwlliitg the carbon from arean high in phphonia is shown 
in fig. lio. In thin CUHO the fltcwl heated to 1HK>'' ('. for two hours, and than 
slowly cooled. Tin* photograph wan taken from a longitudinal section, and 
the white band** Indicate the. direction tf rolling, The.ne white bandn contain 
very little carbon, it having bwn removed or expelled by the relatively 
high percentage of pluwphonw* they contain. 

Whan BOgwgation is taking place during the Bolidifieaf itm of n steel ingot, 
the liquid which i luwt to nolulify- that in, the Ht'g rugate -alwayH coutttinK 
more carbon UH wi*H an phuHphoruK tlntn tin* part which Hulidifiw! at an 
earlier Htagt*. Ht<*nd han, hwi*vir, Iiuwti that onci* tlw luitsg k perfectly 
solid but still at t*mp**ratun*H about it.s high 4 Nt n^'alcHi'i'iu'c point, th<* carbon 
begins to diiTune from tin* urtwH rich in phuHphorun to !!* rmttuiiting KHH 
of that clement. When thin dtiTumou IH complete the ph(nphoretit: part* 
are practically free from eurium. 

l*lumphoruH Heemn to nec'elenitt* the rate at wttit'h the ervMtalH of steel 
grow when at. temperatures ubuvi* the critieul point*, wml it w no doubt 
owing to thin net ion that thw element risiiderii Htcwl iinii s li more nitivii 
to overheating. 

Kven if it were, n**t generally rt*<*ii;iiHOl, it would be tbvit>uH from Sttiael'5 
work that the clchtteritiuM elleri <f phoMphortiH in prtMlueing rnld **lM>rtn*HH 
and brittleneMM bi'ciiiueM grentnr an tlie iHrrei)tnj.n if earbon eintuitiel in ft 
steel is raised. Thw is du tu t!m fact that, an tin* enrbtn cMintainwi in Hteel 
is raised, the amount of fno ferrite prenent diiutniMheH, mitt ,Hinc t-be plios- 
phoruH is only dissolved in fernte, it become** c-onrentniteti in that con- 
stituent UH tlie carbon content in riUMed, Thtw, the etlei't tipun tin* ferrifti 
of 0*04 per cent, of phnsphortm in a feil with 0!N> jmr rent, of carbon is 
equivalent to that of tHHH per rent, in n steel with only il-20 j>er cent, of 
carbon. Judging front Dr. Stead'* %urc*ft $ this practical effect in this con* 
ncetion mul be oven moro erini than would bo theoretically expected, 
because the amount of frets phonphide of iron very rapidly increoaes M tho 
carbon content in rawwl. 



C II A F T K R I X. 
SULPHUR. 

SULPHUR is one of the unavoidable impurities- which IK present in all com- 
mercial steels. Its effect upon the, properties of the metal w, broadly a|xakin& 
considered to be injurious, but in very ninny hint a wen it in not HO. The per- 
centage of sulphur ie, however, generally kept an low us In practicable, but the 
permissible quantity largely depends upon the purpose for whirh the material 
is required, and also upon the kind and degree of mechanical treatment 
it is subjected to in the rolling and hammering operation*. Fur Home Hpecial 
engineering purpoaea the aulphur iwwt be below tHt-f jn*r rent,, but for 
ordinary constructional sttwl (HM5 per emit. in generally allowed. and m much 
as 0*08 per cent, or more in known to havti no M*HOUS idltH-t if suflidant 
manganese is present, 

Probably the moat objwtionabln fatun* of i&bnornm) <|tmntitii*H of nulphur 
is the tendency to nmdor tho IIIIIHH l> red <h<rt " r brittht whilst it i hot. 
This property is, however, oni which ahno.Ht invariuhly ^ivi*Hth manufacturer 
much more trouble in tins rolling null than it- in hk*ly to j:iv* th um*r, and 
consequently makea him anxioim to kip th |Mrt'i*ntau;<* within reasonable 
limits. The actual amount of Hulpltur ron(atn 4 d in Mt*l is not tho only 
factor which govonw its influt^nrts the condition in whirft it pxist^ therein 
is of even greater importance!, 

Sulphur may be preHent in Ht<wl in t wti di-Htmrt flitniiiriit fortiiH, iVttfesaor 
Arnold l first detnonatrated that in nfwl containui^ no titun^anoMe t-he Httlphur 
exists as ferrous aulphiiie, KoS, and Inter h f*!in\i*tl that in tli pnHenre of 
an excess of manganeae the who! of tin* nuiphur in pnM^nt EH sulphide of 
manganese, MnK. Theat* twc t*h<*tuical cotMjMMiuds POHSIHH totally different 
'mechanical characteriatica, and* thornforw, tinpart> litliri'nt propcrtiea when 
present in steel Manganew* Hufphidi* in, for iiiMt.iiiiri*, plastic at forging 
temperaturea, and can bt* readily flon^atod wifliauf. linjf fractured when 
the metal ia being rolleil. On the other hunt I, tin* presence of iron sulphide 
is absolutely fatal to tho forging pmperf wn of atoel, This retnarkalle influenro 
of manganese in neutraliamg the evil tuilectn if anlphur wan very clearly 
brought to light in tho exjwriinent-H made !.y lirinell in 1H17, 3 He found 
that steel containing aa much aa o5< |nr c ( tnt. uf suphur along with HK5 per 
cent of manganese could 1m mwily rolled, untl fur! her, that the mechanical 
properties of the metal when tented in the direction of rolling were, at least 
^equal to those of a ateel with about th WIIIKI c.arhnn content, but containing 



. Inmtuul SM I nut., Nu, I, |>, 1 211. 

rtmamliMf.fi ln*t, t HK1, Nn, U, ji. 234, 
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exceedingly low percentages of sulphur. From results he obtained with a 
.-steel containing 

Carbon, .... 0*31 per cent. 

Silicon, ..... 0-126 

Manganese. . . . . .0-94 

Sulphur, ..... 0-150 

Phosphorus, ..... 0-033 

He concludes : " Although here, too, the percentage of sulphur far exceeds 
-fche ordinary limit, the adoption of this description of steel for practical 
purposes is by no means precluded on this account. . . . The tensile 
properties of this metal proved to be quite satisfactory in the direction of 
rolling, and the hardening properties were found to be unexceptional. The 
material was superior with regard to resistance to impact to any of the low 
sulphur steels. This was the case in every kind of test, whether in the hardened 
or unhardened state, at a low or a high temperature, or whether the specimens 
were notched or normal." 

From the foregoing remarks it is almost unnecessary to emphasise the 
importance of having sufficient manganese in steel to ensure that all the 
sulphur exists as manganese sulphide, or that none should be present as 
.sulphide of iron. Owing to segregation, etc., this state of affairs cannot 
safely be attained by merely arranging that the ratio of manganese and 
sulphur in the steel conforms to that of the formula MnS. In other words, 
^ven if there is enough manganese present to combine with the whole of the 
sulphur, its unequal distribution may leave some sulphur free to form iron 
sulphide. 

Sulphide enclosures and segregation can be detected without the aid 
-of the microscope. The method which was first described by Heyn and Bauer x 
is as follows : The specimen is first roughly polished, and a piece of silk, 
which has previously been dipped in a solution of hydrochloric acid and 
mercuric chloride, is carefully spread over the surface, and allowed to remain 
in contact for about five minutes. The solution should contain about 10 
grammes of mercuric chloride, 20 c.c. of hydrochloric acid (1-124), and 
100 c.c. of water. The acid attacks the sulphide areas, with the formation 
of H 2 S, and this precipitates black mercuric sulphide from the mercuric 
chloride solution with which the silk is impregnated. The sulphur prints 
thus obtained are coloured to a varying degree, according to the (distribution 
of sulphur. They are very useful in determining what section of the specimen 
should be reserved for more detailed examination under the microscope. 
A similar method is to. use silver bromide photographic paper which is first 
wetted with dilute sulphuric acid and then placed on the polished surface 
of the steel. In this case also the -sulphuretted hydrogen which is liberated 
from the sulphides blackens those parts of the bromide paper with which 
they are in contact. 

Manganese sulphide can be readily detected under the microscope as a 
dull grey or dove-coloured constituent in the form of globular or irregular- 
shaped areas. In sections that have been polished at right angles to the 
direction of rolling, this constituent appears as small specks, which are often 

1 Bericht des Materialpriifungsamtes, 1906, vol. xxiv. 
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Fig. 111. 




Fig. 112. 




Fig. 11,1. Aluminium Ingot No. 1408. Manganese, 0*41 per cent. ; Sulphui 
0'53 per cent. Magnified 490 diameters and reduced by one-half. (Arnol 
and Bolsover.} 
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difficult to sec, hut, on account, of the elongation during rolling, they appear 
as long bars when the polished surface has been cut parallel to the direction 
of roiling. Fig. i 1 1 shown an elongated patch of manganese sulphide. The 
same constituent is also shown in fig. H2, which represents a locally segre- 
gated area in a slowly-cooled steel ranting, 

Sulphide of iron, when viewed under tho micro$ico|)e, is pale yellow or 
yellowish-hrown, which may be embedded along with or juxtaposed to 
sulphide of manganese. I* n tews great run* is taken in the ex ami nation of 
microsections containing tittle two sulphides, it is a very difficult matter to 
distinguish them, especially when only niniill quantities are present, Both 
are shown in fig, 113 (frontispiece), which hus been reprwluced from a 
paper by Professor Arnold and Mr. <, K. Bolsover. 1 

In an excellent pupr dealing with this mibjflct, Mr. <!. Kohl* says : 
" It in very often difficult (if not quite impossible in tho ea.se of small en- 
closures), esjHeiaIly in the awe of manganese sulphide, to correctly recognise 
tho tint,** Mr, K. F, LIIW S aim* nays that "the sulphide occurring in steel 
varies very mut*h in colour msd romjKtsitioti, In noun* steels it is HO pale in 
colour that it in diflieult to photograph, whereas in others it is so dark that 
it may easily be mistaken for manganese silicate." 

According to Matweiei!,* thu two sulphide* can bo (Hating uished by 
etching with turtaric acid wlimi the ferrous milphidc ber<mes darkened 
while tho manganese sulphide rt<nmms unchanged. By using a 1 jur rent, 
solution of picric arid in alcohol Kohl obtained a similar darkening of tho 
iron sulphide, the time of etching }*cing about three minutes. Le Chutelier* 
observed that by using n 5 per rent, solution of picric arid in alcohol veins 
are dovelojMHl in the ferrito whieh connect up the various ferrous sulphide 
areas ; these lines tire no doubt duo to traces of nulphido existing in tho ferrite 
grains. 

Ferrous sulphide solidififw at I.JHH" 0, f mid this timjMrntiiro f*eing con- 
siderably Mow t hut nt which the even in the case of high carbon 
steels, becomes completely solid, tho sulphide is squeezed to and solidifies 
at the boundaries of the crystals. Thorn* miiphido boundaries or pat-ebon 
then form bastm ujsm whirh the ferrite that submfquontly > pa rates from 
solid solution tend to grow, This has been drawn attention to by I)r, Kt>Hi*n- 
hain, 6 and is very noticeable in slowly cooled steel casting* (neo lig. 112). 
The prcwciire of sulphides in tho form of t* more or loss continuous network, 
and surrounded or supported by almost puro ferritts is must undenirabld 
in steel castings which iimy Iw mibjert-wl to midden The object of 
annealing or refining is to bring about a retTystalli*uti<n of the and 
regular distribution of the curium (HOO 123 and 1*24, Chap. X). By 
heating just above the temperature at which the whole of tho carbon and 
iron form a homogeneous milul notation, followed by alow cooling, the net- 
work of ferrite and sulphide get completely broken up, and the ductility 
of the metal is very much improved. liShl has found that the freezing 



Irtm ami ln*t., 1014, No. 1, p. 306. 

*J&urn. Iron and *s'lff! ln*L t 1PX2, Garnogi* inomoir p. 28* 
3 Ibid., 1907, Ho, 2 f p. 04. 

* /tewe 4i AtttaUwyin, 1910, p. 447, 

1 Bn/lclm elf In *S*ci**^ d* Knwttrogtfnent. Sept 1902. 

* /nfmioft'cmai ^oeioli(m /or Ti*lif Afaftnalt, 1900, Ho. 5 
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temperature of pure manganese sulphide is 1,620 C., which is considerably 
higher than that of pure iron (1,505 C.). The melting point diagram and 
constitution of the iron-manganese sulphide system has not been determined, 
.and it is, therefore, impossible to decide whether there is a eutectic or not, 
or even at what temperature solidification of the manganese sulphide, con- 
tained in steels, takes place. Indeed, Kohl's investigations seem to indicate, 
-as Dr. Stead suggests, 1 that manganese sulphide does not solidify in the pure 
condition from liquid steel, but in the form of a solid solution of Mn 3 Fe 2 S 6 
along with MnS, and that as the mass slowly cools the double compound 
becomes unstable, and the manganese in the surrounding steel replaces 
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the iron in combination with the sulphur. From the available evidence, 
it is uncertain whether this view is correct. This would mean that at very 
high temperatures the affinity of the iron when in large quantities is sufficient 
to partly overcome that of manganese for sulphur, and that at lower tem- 
peratures or at a certain definite critical point the influence of the manganese 
predominates. 

If this is really what occurs it would account for the fact that what is 
generally regarded as manganese sulphide frequently possesses different 
tints when viewed under the microscope, or these variations may be due 
to differences in the composition of the solid solution between Mn 3 Fe 2 S 5 
.and MnS. Further, it may be the cause of the dove-grey sulphides solidifying 
in a variety of forms in cast steels containing different proportions of man- 
ganese and sulphur. As previously indicated, these enclosures often take 
the form of a more or less complete meshwork, when they must clearly have 

1 Discussion on Arnold and Bolsover's paper. 
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solidified at a later period than the other portions of tin* steel. In other 
cases, however, they take a well-defined crystalline form (nee iig. 114 and 
115), when they must have solidified at a much earlier period, and probably 
before the steel as a whole had commenced to solidify, or at leant whilst it 
was still pasty. 

Kohl's diagram for the sulphide system, FeS j MnS, is shown in fig. 116, 
It is important to note that Rohl given no definite evidence for supposing 
that the line ABC (fig. 116) corresponds to a definite double compound 
of the two sulphides. In fact, all the experimental obhervntioiw would be 
satisfied if the line ABU were eliminated from the diagram and a sloping 
line drawn from the point B to meet the point 1). II would then indicate 
the saturation point of FefcJ in solid 



CHAPTER X, 
BURNING AND OVERHEATING STEELS. 

THE terms * 4 burnt '' and " overheated/" which are frequently used in the 
.steel trade, arts often employed in Huch a general sense that it is difficult 
to attach any real significance to their application. It may, however, bo 
taken for grant ed (hat when a steel in Haid to be burnt its proper! ies do not 
come up to expectations. lOven in the most carefully manured works, steel 
may occasionally get overheated or burnt, and if it guts into a user's hands 
it may give, rise to considerable trouble. It should Ins remembered, however, 
that manufacturers are. not always the culprits in (his connection, and it 
frequently happens that a steel of excellent quality in ruined by careless 
limiting at the* hands of the consumer. 

The exact nature of the changes which take place, and even the precise 
meaning of (-he terms k " burnt " and ** overheated " were for a considerable 
time very imperfectly understood. 

A committee, of the Iron and Steel Institute, l on the nomenclature of 
metallography defines ** overheated " as " applied to .steel that has been 
heated to excess and not quite burnt." 

The term t% burnt " is define:! an follows ; " Applied to metal which 
is brittle in consequence of an alteration of its mass caused by excessive 
heating. Recent study has shown that a no-eallod burnt Hteel is not neces- 
sarily oxidised in its mass. Near to the external surface, if carbon in low oi 
absent, intergranular layers of oxide of iron may mnctimes be detected. 
The chemical composition is not necessarily altered by the no-called burning. 
Steel may, on heating to a very high temperature in an inert atmosphere, 
develop, after cooling, many of the properties of burnt steel. Burnt steel 
is generally coarsely granular, and is easily fractured.'* 

Professor .Howe 2 states:- -"Steel which has been exposed to a very 
high temperature is known an " burnt.' It in cold-short and brittle, can 
be forged and welded only with care, and has a low tensile strength, Its 
fracture is coarse and even flaky, crystalline, with brilliant facets. Steel 
known as fc overheated " has a coarse structure, which may be removed more 
or less completely by reheating or careful forging. Excessively long or 
strong overheating produces the structure known as v burnt/ and the coarse- 
ness and brittloncBH duo to burning are removed with greater diiliculty, 
and much less completely than those due to overheating, yet in the saino 
manner and by the same expedients/* 

Professor Stan&field 3 Bays :- " The term burning an applied to at CM*! 

1 Jtmrn. of Iron and Steel lmt.> 1902, No. 1, 

a MtUtUurgy of Steel. 

3 Jonrn. of .Iron and Steel Inat., vol. XL, 1003. 
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arises, no doubt, from the appearance of scintillating sparks which often 
accompany serious overheating of steel.''" He defines overheating as " re- 
heating to below the point of incipient fusion,''" and says that " steels that 
have been rnerely overheated can be completely restored by heating just 
above their highest recalescence point and allowing to cool." 

Dr. Stead 3 says: "Confusion appears to have arisen by confounding 
1 burnt ' with c overheated ' steels." He gives a concise definition of each 
term. " Overheating is heating at any point below that which produces 
incipient disintegration, and results in the formation of large crystals." 
" Burning is heating at or above the point at which such disintegration 
occurs ; burnt steel is nearly always coarsely crystalline. 1 ' 

Early in his researches Stansiield was led to connect the phenomena 
of burning with the actual fusion of part of the steel, and the data he obtained, 
and also that published by Stead, amply confirm that view. Therefore, 
knowing that the temperatures at which steels begin to melt are lower the 
greater the carbon content, it follows that the burning temperatures are 
lowered in the same way. 

In the operation of heating the physical changes that occur in steel are 
exactly the reverse of those that take place on cooling. When heated to a 
temperature just above the Acj, Ac a , and Ac^ points the whole of the carbon 
and iron*exist as a homogeneous solid solution of carbide of iron in y-iron. 
At first these crystals of solid solution are exceedingly small, but a.s the 
temperature is further raised or the time is prolonged Rome of them grow 
at the expense of those surrounding them. There is no doubt that crystal 
growth begins immediately the temperature is raised above the highest 
critical point of any particular steel, but from a practical point of view the 
rate of this growth is more directly influenced by raising the temperature 
still higher. It is impossible at present to lay down any definite rule indi- 
cating the precise temperature at which the crystals begin bo grow at what 
may be regarded as a dangerous rate, because this is also affected by the 
carbon content of the steel. Further, in addition to the time factor, the 
mass has also to be taken into consideration on account of its influence 
upon the subsequent rate of cooling. Still another consideration of consider- 
able importance is the amount of deformation or work, if any, that is put 
upon the steel after the heating. 

Crystal growth continues as steel is heated up to the temperature at 
which it begins to melt, when the liquid which is then formed contains much 
more carbon than the average of the steel. The phosphorus and sulphur 
also become concentrated in the molten portion. At first the liquid exists 
in the form of infinitely small globules throughout the crystals, very much 
in the same manner as the initial separation of water from an atmosphere 
which is super-saturated with aqueous vapour. These minute globules 
coalesce, forming relatively large drops, which, owing to the attractive 
forces between the solid units of the crystals, are squeezed to the boundaries, 
and form a complete liquid envelope around the crystals. This is illustrated 
in fig, 117, where the white areas represent the parts of the specimen that 
were liquid at the temperature from which it was quenched. When this stage 
is reached the conditions are most favourable for the liberation -of any dis- 

Journ. of Iron and Steel Inst., 1905, No. 2. 
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solved gas which the steel may contain, and it is the sudden evolution of gas 
under these conditions which causes fche characteristic scintillation of burning 
steel. The blisters which are formed in many burnt specimens of steel are 
also caused by the gas bubbling through the liquid surrounding the cry, tala 
It has been demonstrated by Stead that the embrittling of steel after 
burning is not caused by the relatively high carbon content- of the liquid 
which is formed at the burning temperature, because on again cooling this 
carbon quickly diffuses back into the crystals. Indeed, when the steel is 
coolod through the Ar 3 , Ar 2 critical points a large proportion of the ferrite 
which is then deposited from the solid solution finds its way to the crystal 
boundaries, or in much the same position that the original high carbon 
liquid occupied, Stead considers that the brittlcness is clue to the phosphorus 




Fig. 117. Quenched from Burning Temperature* White Area? correspond to Partt 

that wore Liquid, x 150. 

which becomes concentrated in the liquid envelope not diffusing back into 
the solid as the steel is cooled from the burning temperature. He says : 
** If the burning has been very severe, the white carbon free envelopes are 
sometimes very rich in phosphorus, and on etching with picric acid in water 
they rapidly become darkeneda proof of the presence of the phosphorus. 
It is well known that on removing the oxide of iron scale, which forms on 
steel which has been correctly heated, the surface of the metal is perfectly 
smooth and clean, presenting no indication of cracks. If the Hteel be, how- 
over, heated to the burning temperature -i.e., to the temperature at which 
it begins to melt, when it becomes brittleafter removing the scale the 
surface of the metal is seen to be covered with little blisters. If the steel 
when in this condition be rolled, hammered or strained in any way, cracks 



120 



THE PHYSICO-CHEMICAL . 'PROPERTIES OF BTEEL. 




1% 118. Ovwluwtwl Mild Sn- I. 



lit), -Overheats I Stwl, . 




BURNING AKI> OVERHEATING STEELS. 121 

are immediately formed at the crystal junctions of the metal, and the freshly 
-exposed surfaces become coated with a film of oxide of iron. It is these 
deposits, so common in slightly worked burnt steel, that has led to the 
erroneous conclusion that oxygen finds its way between the crystal joints 
of the solid metal Much careful research during the last ten years has 
led me to conclude that during the heating in the furnace, unless the material 
is distributed or shaken, there can be no internal oxidation of the iron and 
no inter-crystalline formation of iron oxide, that oxide of iron is only formed 
in the envelope, and it in only after the formation of fissures or incipient 
separation of the crystals by strain that oxygen can enter below the skin." 

The brittlcmoss which is caused by overheating in revealed in test specimens 
by a diminution in the ductility as shown by a decreased elongation, con- 




Fig, 120.--~0varhit<l Sttnrf. X ICO. 

traction of arcm at th fracture, resistance to shock and fatigue, and a coarsely 
crystalline or what is often termed a granular fracture. From what has 
been said above, it in obvious that thin IB not duo to any change of chemical 
constitution, but to the fact that there lias been an alteration in the internal 
arrangement of the constituents, forrito and pearlite. After overheating 
these 'constituents exist in the metal in much larger patches. This coarsely 
crystalline structure can be removed and the normal properties of the steel 
restored simply by reheating the mass to slightly above the temperature 
of its highest recaloscence point, followed by slow cooling. The structures 
of three ' different overheated steels are shown in figs. 118, Hi), and 120, 
and the structures seen in figs. 121 and 122 were taken from the same specimens 
as figs. 11U and 120 after refining or heating to 000" 0., and then slowly cooled. 
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Fig. 121. Samo Specimen AH Fig. 119 aft or 




Fig. 122. Same- Specimen as Kig. 1 20 af tor Refining, x lf>0. 
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Fig. 123. Structure of Cast Steel, x 150. 




Fig. 124. Same Specimen as Fig. 123 after Annealing, x 150, 
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This refining of the structure is caused by the recryst.allisation, which occurs 
as the metal passes through the critical ranges of temperature. The most 
probable explanation of this operation is as follows :- Starting with an 
overheated steel possessing a structure as shown in tig. 118, on heating to 
just above the Ac x point, the dark pearlitic areas become iiransformed into 
the y-iron solid solution. Each of those areas do not, however, possess a 
uniform orientation 'i.e., consist of one crystal but of a very large number 
of minute crystals of differing orientation. This reerystallisation on heating 
is in many ways similar to the formation of small crystals from u liquid as 
it passes through its freezing temperature. When the stool in further heated 
the initial crystals of the solid solution which contain IK) per cent, of carbon 
become capable of holding more iron in solution. Hence the forrito surround- 
ing these crystals is progressively taken into solution an tho temperature is 
raised. Redistribution of the forrite and carbon proceeds in this way, by 
diffusion, until the temperature of the highest roealesconeo point* is reached, 
when the carbon is uniformly distributed through tho mass. Whilst the stoel 
is then of the same constitution as it was during the time of overheating, 
owing to the recrystallisation which occurred on heating throng it the Acj 
point and upwards, it possesses an infinitely finer crystalline strut-tin . Hence, 
when the metal is again cooled these small crystals behave quite independently 
by depositing the ferrite they contain in relatively t-unall musses, and finally 
leaving only small areas of pearlite. 

It has been shown by Stead that tho properties of rather low carbon steels 
which have been burnt can be restored by the same heat treatment an that 
for overheated steels. 

It should be noted at this stage that there in a decided fooling amongst 
metallurgists who have to deal with carbon tool stool containing <K) per 
cent, of carbon or more, that when such steel in overheated it gives what 
is known as a u dry fracture/' which cannot be removed by heat -treatment 
or mechanical work. 

The brittleness of overheated steel is largely, if not entirely, due to tho 
lack of grip or intercrystalline penetration of the metal 

The operation of refining overheated steel in fundamentally the same 
as that of annealing steel castings. 

The microstructure of a steel casting is shown in fig. I2*i where the brittle 
sulphide of manganese can be seen running through the white ferrite areas. 
The structure of the same steel, after heating to IKK) ' (?. followed by slow 
cooling, is shown in fig. 124. This treatment has refined the structure of the 
metal, and whilst the sulphide of manganese in still present, it can scarcely 
be detected at a magnification of 150 diameters, and its embrittling eileet 
is reduced to a minimum. 
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CHAPTEE XI 

THE DEFORMATION AND STRAIN HARDENING 
OF METALS. 

ONE of the most useful properties possessed by metals is the facility with 
which they undergo plastic deformation when pressed, hammered, or rolled. 
Until a comparatively short time ago it was generally supposed that this 
change of shape was brought about very much in the same manner as the 
deformation of such pasty substances as putty and soft pitch when subjected 




Pig 125. Showing Slip Bands passing through Twin Crystals. X 150. 

to unequal pressures. But, as a result of the many investigations made 
by Professor Ewing and Dr. Eosenhain, 1 it has been conclusively demon- 
strated that the deformation of metals under strain is accompanied by a 
process of direct slipping along the gliding planes or surfaces of the numerous 
crystals contained in the metallic mass. It has been shown by the above- 

1 " The Crystalline Structure of Metals," Phil. Trans., 1900, p, 353 ; 1901, p. 279. 
** Experiments on Micro-Metallurgy Effects of Strain," Proc. Roy. Soc., 1899, vol. lxv. ? 
p. 85. 
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mentioned observers that evidence of this slipping can be readily seen by 
first carefully polishing the surface of a metal and then straining it sufficiently 
to produce permanent deformation. An examination under the microscope 
will then reveal a number of lines running in different directions on the 
various crystals (see fig. 125). The lines have been described by Ewing and 
Rosenhain as " slip bands." The nature of this slipping will no doubt be 
more readily understood from the diagrammatic illustration given in fig. 126. 
When metals are deformed in the cold state, they become much harder. 

This hardening is generally referred to as strain hardening. Various 
theories have, from time to time, been advanced to explain this particular 
kind of hardening. At first sight it would appear that this is merely due 
to the mass becoming more compact, and consequently less easy to penetrate 
or pull apart. Simple as this explanation is, modern research has conclusively 
proved that it is quite inadequate, though it certainly contains some truth. 
Another explanation is that the mechanical deformation produces smaller 

crystal grains, and the increased 
hardness is due to the crystalline 
fineness of structure. 

The theory which now seems to 
be most generally accepted is that 
advanced by Dr. Beilby. There is, 
however, another, due largely to 
Professor Tammaun, which cannot, 
be entirely overlooked. Most of 
Dr. Beilby's work l has been sum- 
marised in a lecture which he gave 
before the Institute of Metals, May 




AFker Straining. 

Fig. 126. Diagram illustrating the Effect of 
Strain upon Metals (Swing and Rosenhain). 



12th, 1912. In that lecture ho 
said : " In the operation of polish- 
ing a true skin is formed over the 
polished surface. This skin gives 
unmistakable signs that it has passed through a state in which it must have 
possessed the perfect mobility of a liquid. In its final state it possesses 
distinctive qualities, which differentiate its substance very clearly from 
that of the unaltered substance beneath it. It is, for instance, much 
harder, and, even when formed on the surface of a crystal on which the 
hardness varies in different directions, its hardness is the same in all 
directions. The discovery that layers of a solid, many hundreds of 
molecules in thickness, can have the mobility of the liquid state conferred 
upon, them by purely mechanical movement, opened up a new field of 
inquiry into the internal structure of metals which have been hardened 
by cold working. As a result of this inquiry a theory of the hard and 
soft states was suggested. According to this theory, hardening results from 

1 " Surface Flow in Crystalline Solids under Mechanical Disturbance," Proc. Roy. 
floe., 1903, vol. IxxiL, p. 218. " The Hard and Soft States in Metals," Philosophical 
Magazine, 1904, p. 258. " Surface Structure of Solids," Soo. Chem. Ind., Liverpool, 1903. 
" The Hard and Soft States in Metals," Faraday Society, June 9, 1904. " The Hard and 
Soft States in Ductile Metals," Proc. Roy. floe., 1907, A, vol. Ixxix., p. 463. " Influence 
of Phase Changes on the Tenacity of Ductile Metals at the Ordinary Temperature and 
At the Boiling Point of Liquid Air," Proc. Roy. floe., 1905, A, vol. Ixxvi., p. 462. 
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the formation at all the surfaces of slip or shear of mobile layers similar 
to those produced on the outer surface by polishing. These layers only 
retain their mobility for a very brief period and then solidify in a vitreous 
amorphous state, thus forming a cementing material at all surfaces of slip 
or shear through the mass. In the use now made of the term amorphous, 
it means non- crystalline in the most intimate sense of the word ; in this 
state molecules are not marshalled in crystalline order and orientation. 
The addition of the qualifying term " vitreous " narrows the field to sub- 
stances which in some degree resemble the glass-like form assumed by the 
silicates when they are solidified from the molten state." 

This theory has been opposed chiefly by Professor Tammann 1 on the 
ground that it involves a violation of the phase rule, and also because it 
does not account for the difference between the action of uniform (hydro- 
static) pressures, and of pressures causing flow. 

The answers to these objections have been extensively dealt with by 
Dr. Eosenhain. 2 According to the phase rule, the liquid of a pure metal 
can exist in contact and in equilibrium with its own solid only at one par- 
ticular temperature viz., the freezing temperature, when the pressure is 
constant. The rule maizes no stipulation as to the time it is necessary to 
allow for any unstable phase to be converted into its stable variety. There- 
fore, if it can be demonstrated that an unstable phase or constituent does 
in the slightest degree, and at any temperature within its unstable range s 
tend to be converted into the stable condition, the requirements of the phase 
rule are amply satisfied. In actual practice it may, and indeed under certain 
conditions it does, take an almost indefinite number of years or the wh,le 
of a transform? tion to be completed. In most cases the velocity of this 
kind of change is at a maximum, when the mass is at a temperature not very 
much below that of the normal inversion temperature, but in some the 
tendency for an unstable phase to take up its more permanent form increases 
as the temperature is raised to just below the critical change point. Dr 
Beilby's theory is, therefore, in no way opposed to the phase rule. The 
well-known amorphous substance glass, as it is commonly used, is in an 
unstable state, from, the point of view of the phase rule, because at the 
ordinary temperature it should be in the crystalline form to be in a perfectly 
stable condition. In the discussion on a paper by Professor Carpenter and 
the author, 3 Dr. Beilby has placed on record certain theoretical reasons 
for considering that the amorphous condition, though it occupies a larger 
volume that is to say, it is less dense than the crystalline state should, 
nevertheless, possess a greater degree of hardness. It is rather significant 
to note that the high pressure jetsof water that are used in hydraulic mining 
operations are so hard that it is impossible to cut through them with a two- 
handed steel saw. - This kinetic hardness is caused by the increased number 
of molecules that are passing through a given space per unit of time. The 
increased hardness of the amorphous material which is produced by the 
cold working of nietals may be accounted for in this way. The true metallic 
liquid possesses a much greater kinetic energy than the crystalline solid, 
but tiie amorphous state which is produced by the cold working of metals 

1 Zeilschrifl jiir Electrockemie, 1912, vol. xviii., p. 584. 
* Engineering, 1913, vol. xcvi., pp. 509-511, 537-539. 
* Iron and Steel Inst., 1914, No. 1, p. 178. 
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must have an ev&ft greater kinetic energy than the ordinary liquid, because 
of the high pressuwBis that are necerwary to keep it in that ronditiuft. 

It has been shown that the hanlnesa which hat* boon clovei]iadi in metals 
as a result of coJd vorking can be readily removed by heating to a moderately 
low temperature, Tii in' explained by the reeryHtallinution f the amorphous 
layers. The actual temperature at which thia recryMtuilimition in completed 
varies" in different atnestak and is also dependent UJHW the time of hewting. 

Professor G. Twnunann explains the whole of the above phenomena ia 
a sooiewhat difffflteat manner. Ite 8ay that the Imrdoniw^ by wltl atrainmg 
is produced as a rwtilt of the formation of an inrnmj*in|4 tiiniikw of crystalline 
lanaellse, without my destruction of the true cryntalline arrangement. Whilst 



Fig. 127, 

the metal is being su bjected to deformation tmt^rny i iilmrlm<l tm a result 
of the formation ol sw many new bcnuKthig iturfaceH, atul tltin rB.]i|M'iiw in 
the hardened metal, in the form of increatKHi aolutiun, prtwurn, etc*. Arc-jmliiig 
to this view, a worked metal dillem from an unworkotl, in having it* rryntala 
definitely oriented, o-wing to the devviopnunit of dcuivage lamolho and 
twinning. 

This theory has be^an considerably developed in an excellent pajxsr which 
was recently published by Mr. C. Chappeil. 1 He w of the opinion tht when 
meta^are subjected t-oetresa the molec*ular or crystal unita at the cleavage 
orglidii^ planes ate brought intc> a of high tentiitm (Sta^* A %* l ^- 

This corresponds with the condition which until the actually 

"The Rdorystalliataon of Deformed Iron," Jwm. Irm und $iml lnL t 1914, Mo. l f 
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Fig. 128. Showing Twin Crystals formed in Tin by Bending in Compression. .. II 




Fig. l29.-Slip Bands formed in Tin hy Bonding in Tonnion. , 150. 
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reaches that of the elastic limit of the material. " When, however, by further 
deformation along one of these planes, the tension becomes greater than 
the molecular cohesion, the molecular continuity is broken, and the deforma- 
tion along this plane becomes permanent " (Stage B, fig. 127). This would 
then constitute exceedingly fine twin lamellae. "Moreover, by the simple 
grinding together of these two surfaces in the course of further deformation, 
a layer of debris is produced between them, in just the same way as when 
two stones are rubbed together." He considers that this debris still retains 
its crystalline nature, and may be regarded as a layer of highly metacrystalline 
material. He quite legitimately says that the decreased density which 
accompanies plastic deformation may be accounted for by the fact that the 
debris, though still crystalline, will occupy a larger volume than when fitted 
together accurately in the crystalline mass, just as bricks occupy a larger 
volume when in an irregular heap than if built into a wall. It will be seeu 




Fig. 130. Showing Effect of Local Deformation upon the Structure of Mild 
Steel, x 150. 

that this theory is in many ways similar to the amorphous theory advanced 
by Dr. Beilby, and supported by Dr. Kosenhain, but when it is applied to 
the phenomena which Mr. Chappell was considering, it certainly seems to 
possess some advantages. Up to the present it has not been possible to test 
which is really the correct view ; in fact, it may be found that both ara 
true up to a certain point, but that each has its limitations. So far as one 
is able to judge, it is purely a matter of opinion as to which of the two should 
be accepted, and it would, therefore, be unwise to make any dogmatic asser- 
tion until more conclusive evidence is available. 

It may be of interest to note at this stage that it has been shown by 
Professor Carpenter and the present author 1 that the crystals of certain 

l Journ. Iron and Steel Inst., No. 1, 1914. 
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metals are capable of becoming twinned by direct mechanical deformation. 
Thus, tin, zinc, and cadmium will readily form twin crystals. The case of 
tin is particularly interesting, and may prove to be very important theoreti- 
cally ; it has been shown by the author that when this metal is bent in 
compression the crystals are immediately twinned (fig. 128), but when 
subjected to pure tensional strains only the ordinary slip bands are developed 
(fig. 129). These facts indicate that the plastic deformation of metals is 
not always accompanied by a process of pure slipping alone, but that in at 
least some instances fine twin lamellae are formed. This leads one to wonder 
'whether the ordinary cases of deformation of metals is indeed due to true 
.slip upon the gliding planes, or whether what are now regarded as slip bands 
.are exceedingly fine twin lamellae far beyond the powers of the microscope. 

The effect of local deformation upon the structure of mild steel is illustrated 
in fig. 130. 



Rapid Recrystallisation of Iron and Mild Steel after Deformation and 
Annealing at Certain Temperatures. 

The first detailed account of the remarkable reeryatallising properties 
of strained iron and steel was published by Dr. Stead. 1 He found that 4fc in 
practically carbonless pure irons and steels of fine grain produced by forging 
. . . t/he grains increase slowly in aize at 500 0., ;md more lapidly between 
600 and 750 C., and it is possible by heating lor a few hours at, about 7(xV (]. 
to develop granular masses of exceeding coarseness. When pure iron made 
coarsely granular by long heating at a dull red heat is heated between 750 
and 870 C. } as a rule the structure is not altered to any material extent, 
but as soon as the temperature rises to about 900 C. the granules again 
become small. 1 ' 

Other investigations which have a direct or indirect bearing upon this 
question have been published by Goerens, 2 Heyn,* Brunton, 4 Longmuir,* 
'Charpy, 6 Le Chatelier, 7 Sauveur, 8 Robin, 9 and, finally, by ChappoII, 10 in a 
most interesting and instructive paper. 

It has been observed by a number of the above workers that this 
phenomenal crystallisation is dependent upon the actual amount or degree 

1 "Tho Crystalline Structure of Iron and Steel," Jouni. Iron and Nt&l 2n*t., 1808, 
No. 1, p. 145. 

2 " On the Influence of Cold Working and Annealing on the Properties of Iron and 
Steel," Iron and Steel Inst., vol. iii., 1911, p. 320. 

8 " Dio Umwandlung des Kloingefuges bei Eisen und Kupfor dureh Forma mforung 
im Kalten Zustando und darauf folgendes Ausgliihen," Zeit. des Vereines deut*c.ktr 
Ingenieure, 1900, No. .1, p. 433. 




p. 

7 " Notes do Metallographie," Revue de Metallurgie, vol. viii., 1911, p. 307. 

""Growth of Ferrite Below its Thermal Critical Point," Proc. of the Internal fannl 
Association oj Testing Materials, Sixth Congress, 1912, vol. ii. 

& " Researches sur le doveloppcmont des grains des metaux par recuit npref* farouits- 
sage," Revue de Metallimjie, vol. x., 1913, p. 752. 

10 " The Reorystallisation of Deformed Iron," Iron and &tvel Inst., 1914, vol. i , 
p. 460. ' 
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of mechanical deformation. Thus, on annealing a specimen which has been 
locally deformed in carrying out the Brincll ball hardness tost excessive 
crystallisation takes place oiily in certain parts of the defornmd area. Ab- 
normal crystal growth does not occur if the deformation be above or below 
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2fig. 13 L Magnified 4-75 diameters (Chappttt), 



DEFORMATION AND STRAIN HARDENING OF METAI^S. 133 

a certain degree; in other words, there is a maximum and minimum limit 
of straining which will give this peculiar crystallisation. This fact is very 
clearly illustrated in fig. 131, which represents the structure of test bars 
of wrought iron that have been tested to destruction and then heated to 
870 C. At both ends it will be observed that the crystals are normal in 
size, but the material in the middle has developed exceedingly large crystals. 
This phenomenal change in the size of crystals takes place on heating the 
specimen for only ten minutes at 870 C. 

Chappell has also examined the effect of straining very pure iron whilst 
it is at varying temperatures, and has found that abnormally large crystals 
are always produced providing the temperature at which the material is 
deformed is not above 900 C. This is an important practical fact, and may 
serve to explain why it is that the so-called ingot iron can only bo rolled, 
etc., at high temperatures viz., above the Ar 3 critical point or 900 C. 
The forging of ingot iron at a red heat, but below 900 C., is always 
accompanied by a disintegration of the metal very similar to that which 
accompanies the rolling of over-oxidised steel, but no difficulty is experienced 
if the rolling or forging be conducted at temperatures above 900 C. This 
may be due to the formation of the large crystals which accompanies defor- 
mation at temperatures below 900 C. When carbon is present, as in mild 
steels, this phenomenal crystal growth is prevented by the presence of the 
second constituent i.e.., the solid solution of carbide of iron in iron, which 
isolates the various ferrite crystals from one another. 

Chappell offers two feasible explanations of the role of plastic deformation 
in promoting the union of ferrite crystals. 

(a) If the view be adopted that identity of orientation is the only con- 
dition necessary for union of adjacent crystals, then plastic deformation 
may be considered to act by increasing the potential energy of the crystals* 
and thus enabling them to bring about this rotation of their axes parallel 
to each other with greater ease and rapidity on rise of temperature. 

(6) The union of ferrite crystals may be considered analogous to the 
welding together of two pieces of iron, in which work is necessary to break 
up any separating layer of oxide or flux, and thus establish molecular contact 
between the two metallic surfaces. Such a view would be compatible with 
the idea of a cement between the crystals acting as a separating layer, the 
penetration of which might be regarded as being a function of the plastic 
deformation, after which penetration the two crystals in contact on reaching 
a sufficient temperature weld directly together, and not by a process of 
gradual transference. 

Each of these theories may be used to explain the rapid growth of deformed 
ferrite crystals, but neither seems to take into account the absence of material 
growth when tne deformation has been carried beyond a certain limit. This 
part of a deformed bar, seen in the upper section of fig. 131, seems to be more 
readily explained on the assumption that the material has almost com- 
pletely lost its crystalline character, and that any subsequent annealing 
merely permits the amorphous material to recrystallise. 
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CHAPTER XII. 

THE PROPERTIES OF COLD-DRAWN WIRE AND THE 
EFFECT OF ACID CLEANING. 

FOR the many interesting technical details connected with the manufacture- 
of iron and steel wire, reference should be made to the excellent papers- 
dealing with this subject by J. P. Bedson, 1 J. I). Brunton,* and Percy Long- 
muir. 8 

All that is necessary here is to give a brief summary of the processes, 
which will enable readers more readily to appreciate Home of the characteristic 
features and properties of the materials under dirttuwHkm. 

The iron or steel billets destined for the purpose are first rolled down 
whilst hot to wire rod of a size suitable for the mibmnjuent drawing operations. 
In some works this wire rod is annealed at a. rod heat, above the highest 
recalescence point, in order to remove the BtnwsttB that have bwm set up- 
dating the hot rolling process. P. Longmuir HUVH that if the rod at* hot- 
rolled be not in a state of equilibrium as regards BtreHtuw, cold work intensifies, 
and to some extent " fixes, 1 ' its condition, and any latter heat treatment 
does not necessarily remove this " fixed habit." Then* w no doubt that 
this fixed habit is caused by overworking the material, which develop 
inside the drawn wire a. continuous series of actual or incipiont flaws or 
fractures, such as are shown in fig. 132. It is obvious that when internal 



Fig. 132. 

defects of this kind are once produced they cannot be removed by annealing: 
or anything short of remelting. Before passing the hot-rolled rod through 
the draw-bench dies, it is, therefore, necessary to see that the metal is in 
. such a condition as to render it capable of withstanding the severe deforma- 
tion of wire-drawing. 

Thus, if it already retains appreciable strains as a result of the later 
stages of hot rolling, it is capable of withstanding proportionately less cold- 

V" Iron and Steal Wire, and the Development of its Manufacture/' Jown, Iron and 
Steel Inst., 1893, No. 2, p. 77. 

1 m^ i] S an( * Wire Cawing," Journ. of West of Scotland Iron and Nteel hint., 1000; 
ft o Treatment of Wire/Vowm. of Inm and Meet /*/., HKMJ, No. 2, p. 142. 

borne Aspects of Wire Drawing/ 1 Journ. of Iron and Meel Inat., 1912, No 2, p. IBB. 
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drawing before becoming permanently injured. Before cold-drawing the 
rod, the surface oxide is removed by immersing in a tank of dilute hy 
chloric or sulphuric acid. It is then well washed with water completel 
remove the acid, ..and coated with a mixture of lime and water, which is allc 
to dry on the surface. One end of the wire is then pointed, so that suffix 
can be pushed through the die and firmly held by the grips. Inequal 
in the section of the rod are very deleterious, because they cause irregulai 
in the cold flow of the material during drawing. 

The percentage of carbon contained in steel has a marked effect upor 
amount of cold work it is capable of supporting without breaking. Th 
clearly illustrated in Table X. 



TABLE X. 



Original Cross 
Section. 


Carbon. 


Keduction of Area 
of Material drawn 
to Breaking Point. 


Mm*. 
21-2 
22-6 
22-06 


Per cent. 
0-1 
0-5 
0-8 


Per cent. 
96-5 
86-5 
67-5 



The progressive change in the mechanical properties of the various 1 
of steel, at different stages of wire-drawing, has been carefully investig 
by P. Goerens, 1 and the figures given in Tables XI. -to XVI. have been t 
from his paper, which contains so much valuable information that 
impossible to refer here to more than a few of the more important de 
No one interested in this subject should fail to make a careful study o 
original paper. 



TABLE XI. WROUGHT IRON, 0-11 PER CENT. CARBON. 





Reduction of 








Mechanical Treatment. 


Area in 
Drawing. 


Tensile 
Strength. 


Elongation. 


Contract 




Per cent. 


Kg, per mm. 2 


Per cent. 


Per ce 


Hot-rolled (untreated), 


. . 


41-5 


26-1 


44-1 


Subjected to 1 drawing, 


10-8 


48-4 


10-7 


39-2 


2 drawings, 


25-4 


56-7 


6-0 


32-1 


3 


39 & 


63-5 


3-5 


17-fi 


4 


43-6 


(63-5) 


0-5 


8-2 


5 


48-3 


(63-0) 


1-5 


10-5 



1 " On the Influence of Cold Working and Annealing on the Properties of Iro 
Steel/' Jo-urn, of Iron and Steel In$t., 1911, No. Ill, p. 320. 
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TABLE XII ELECTRIC STEEL, 0-12 PER CENT. CARBON. 





'Reduction of 






Mechanical Treatment. 


Area in 
Drawing, 


KJS. j 


Elongation. ; Contraction. 




Pci cent. 


Kg. per mn. 3 , 


Per rent. ', Por wit. 


Hot-rolled (untreated ), 
Subjected to 1 drawing, . 
2 drawings, . 


9-1 


41-3 i 

52*0 ! 
50*7 \ 


32*7 70*0 
16*0 66*3 
13-7 05-8 


3 


22-6 


(KM) i 


10-2 Of>*8 


4 


28-3 


65-0 1 


0-7 f2*8 


5 


44*3 


77-2 i 


fH> 42*2 


6 * 


70*4 


84-5 ! 
i 


*0 30*0 



TABLE XIIL ELKOTRK^ STEKL, 0-27 PKR CKNT, CARBON. 



Mechanical Treatment. 


Reduction of 
Ai'tii. in 
Drawing. 


Ttmiiile 

Btrength. 




Contraction 




Per cent. 


Kg, par mm, 3 


Por rent. ' Per emit. 


Hot-rolled (untreated), 




48*7 


29*9 


50*5 


Subjected to 1 drawing, . 


9-1 


62*8 


13*2 


49*1 


2 drawings, . 


15*4 


68*0 


0*3 


43*3 


3 


22-6 


73*0 


4*r> 


39*2 


4 ; . 


28*3 


74*6 


4*$ 


35*4 


5 


44*3 


86*4 


2*i) 


25*2 


6 


70-4 


96*0 


3-0 


22*7 


!! 7 | 


broke 


(85-0) 


(0*5) 


.. 


TABLE XIV. OPEN HEARTH STEEL, 0-55 PER CENT, CARBON. 


Mechanical Treatment. 


Reduction of 
Area in 
Drawing. 


Tensile 

Htrtmgtn. 


, 


Contraction. 


Hot-rolled (untreated), 


Per cent. 


Kg. per mm. 2 

' 65-5 


Per wit. 
23*3 


Ptr IT ut. 
38*0 


Subjected to 1 drawing, . 


34*0 


98*^ 


6*8 


19*4 


2 drawings, . 


55*0 


111*3 


5*9 


15*3 


3 


62-6 


119*5 


6*5 


14*0 


4 


78*0 


133-4 


6*0 


14*1 


5 


86*5 


142*2 


6*3 


13-4 
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TABLE XV. OPEN HEARTH STEEL, 0-78 PER CENT. CAEBON. 



Mechanical Treatment. 


K.edu:tion ol 
Area in 
Drawing. 


Temilo 
Strength. 


Klong&tion. 

Far cent. 
19-2 
7-G 
6-9 
5-9 
0-2 
6-0 


Contraction. 

I'or cont. 
36-0 
24-2 
19-8 
20-2 
17-5 
15-5 


, Hot-rolled (untreated), 
Subjected to 1 drawing, . 
t, 2 drawings, . 
" 3 . 
1 4 . 

, . . . 


Per cent. 

25-4 
36-7 
47-5 
58-5 
67-S 


Kg. per mm. 2 
81-2 
101-4 
109-0 
121-0 
120-2 
128-0 


TABLE XVL-BLECTKIC STBEL, -98 vm C.TOT. CARBON. 


Mechanical Treatment 


.Reduction of 
Area in 
Drawing. 


Teniile 
Strength. 


Elongation. 


Contraction. 


Hot-rolled (untreated), 
Subjected to 1 drawing, . 
2 drawings, . 
3 ,, 
4 
5 


l*cr cent. 
i 
9-1 
14-2 
22-6 
28-3 
32-8 


Kg. per mm. 2 
103-0 
113-0 
121-0 
126-S 
131-0 
(127-0) 

3. The spec 

>**--_ -*- 


)*r t-nt. 
6-7 
0-0 
0-0 
0-7 
0-3 

-^ 


Par cent. 
7-8 
3-0 
2-8 
3-4 
2-5 

oaling cold- 
of tho cold- 


T830- 

& 

&&0- 

Q> 


m 




400 00 

Temperature 
Kg. 133. 



8^ 



tOOQ 
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In regard to the effect of annealing temperatures upon the hardness of 
cold-drawn steel Goerens concludes that after a short period of heating 
to 520 C. the effects of the cold-working of mild steel are almost completely 
removed. Several hours' heating at temperature between 495 and 500 0. 
only removes to a slight extent the hardness produced by cold-working. 
These facts are very clearly manifested in the flexibility tests which he 
conducted (fig. 134). This test consisted in determining how frequently 
a piece of the wire could be bent backwards and forwards through an angle 
of 180, each bend of the wire from the vertical position to IK) 1 ' and back 
again counting as one bend. 



40- 




o /to 200 3*00 4oo 500 sdo iio sio 9k /obo itio tiw 

Temperature T (Goer**), 

Fig. 134. 



Galvanising or Coating with a Thin Film of 

Cold-drawn wire or cold-rolled sheets are frequently galvanised or covered 
with a thin coating of zinc for certain purpose** where the materials are 
exposed to atmospheric conditions. After cold-drawing or rolling the iron 
or steel -is first annealed, and then cleaned or " pickled " by dipping in dilute 
acid to remove all dirt and surface oxide. This cleansing operation is abso- 
lutely necessary, and must be carefully carried out in order to obtain an 
adherent coating of zinc. After cleaning the wire or sheet, it is passed 
through a bath of molten zinc, and readily takes up a coating of that metal 
and emerges at the opposite end through a bed of sand, which regulates the 
thickness of the zinc covering. In the early days of the galvanising industry 
the cleaning and zincing were done in two distinct stages. It was found, 
however, that the wire often became exceedingly brittle as a result of the 
action of the weak acid, which was left on the surface of the material, between 
the two operations. The continuous process is now in general use, and the 
wire passes directly from the acid bath into the molten zinc. In this way 
the wire or sheet is in contact with the acid only for a very brief period > 
and the. embrittling from that cause is entirely eliminated. It has been 
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pointed out by Mr. Bedson that the embrittling of iron and steel on cont 
with, acid is really due to the metal absorbing a quantity of the nasc 
hydrogen which is generated in the pickling process. He also states t 
the injurious effects of the hydrogen could readily be removed by heat 
the metal to a temperature below that of the melting point of zinc \ 
419 C. It is not known whether this heating actually removes the hydroj 
or not, but there are good reasons for considering that it merely cause 
redistribution of that element which neutrallises its effects. 

The data given in Table XVII. are taken from a paper by Percy Lo 
muir, 1 because they indicate very clearly the effects of different acids, e 
and also the temperatures at which the properties of the material are restoi 
Unless otherwise stated, the time the steel was in contact with the a 
was just sufficient to remove the layer of oxide. 

TABLE XVII. THE EFFECT OF ACID CLEANING ON STEEL, AS JUD< 
BY THE ARNOLD ALTERNATING STRESS TEST. BAIL STEEL ROL 
TO I-INCH BOUND. 



Treatment. 



Alternating Stress 
Test Reversals. 



Cleaned by sand blast, ....... 200 

in pure sulphuric acid, 1 -5 per cent, water, 58 

hydrochloric acid, 2*5 per cent, water 47 

acetic acid, .... 59 

commercial spirit, ... 101 

and blued, . 200 

and heated to 800 C., 225 

salts, and heated to 800 C., 102 

and blued, . . 100 

twice normal time, 80 
twice normal time and blued, 140 

' thrice normal time, . 55 
and blued, 100 

The term " blued " means that the specimens were heated in a stovi 
a temperature of from 100 to 150 C. for a period of 12 hours. Knov 
that the relatively rapid generation of hydrogen upon the surface of g 
during the pickling process will cause such remarkable brittleness, it was 
very surprising that P. Longmuir suggested that the hydrogen whici 
produced in the ordinary atmospheric corrosion of steel may have a sin 
effect. He pointed out that the rust which is formed upon the surfac 
steel exposed to the atmosphere always contains much more sulphur t 
could possibly have come from the metal itself. This seems to indi 
that in such cases the corrosion is largely due to the presence of oxide 
sulphur in the air becoming concentrated in the moisture which is depos 
on the metallic surface. In other words, it is acid corrosion which will 3 
rise to the liberation of free hydrogen. This idea must be seriously conside 
because it may supply an explanation of many disconcerting failures of s - 
Among several instances which have come before the author of the q; 
deterioration in the properties of wire rope, one in particular is most ir 
esting and significant, when viewed in the light of the above suggest 
The rope in question was a " spare," which had been kept in stock for al 

1 " Corrosion of Metals," Iron and Steel Inst., No. 1, 1911, p. 163. 
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a year ; it had been carefully wrapped up in cloth, but in a few places the 
covering had been disturbed and the steel exposed to the atmosphere. 
Although only slight rusting had occurred on the exposed parts, in all those 
places the material had become so brittle that the strands of wire were broken 
by simply uncoiling the rope. 

Action of Caustic Soda. 

In a paper on the " Ageing of Mild Steel," Mr. Stromeyer 1 drew attention 
to an instance where the steel of a boiler in which caustic soda had been 
concentrated had developed pronounced signs of deterioration. He referred 
to an earlier instance, when it had seemed unreasonable Vfc to suppose that 
a caustic liquor should in any way affect steel." Iii attention had, however, 
been forcibly drawn to the matter, and it appeared that " if the concentration 
of the soda liquor is allowed to proceed beyond 1(X) Twaddle, not only 
does the mild steel become brittle in quality, but tubes and platos crack 
and rivet heads fly off. Rivet heads even fly of! in steel tanks in which 
cold caustic soda of over 100 Twaddle is stored. Hot caustic soda corrodes 
mild steel, a rod which was recently exposed to this influence being reduced 
in diameter at the rate of ^\ inch in fourteen days' exposure. It has been 
suggested that air which in this case at leant had access to the liquor parts 
with some of its oxygen to the iron, and that an iron salt of soda, perhaps 
ferrate of soda, is formed, which is soluble in solutions of soda and water, 
but nob in molten caustic soda ; but until the matter lias been cleared up, 
one should not reject the possibility that, in the presence of caustic soda 
and iron, water splits up the oxygen forming ferric oxide or acid, which 
combine:, with the caustic soda, whilst the hydrogen is occluded by the 
iron metal. This would account for the extraordinary brittleness which 
is imparted to mild steel vessels in which caustic soda liquor ia being con- 
centrated, more particularly as this brittleness makes its appearance, chiefly 
if not exclusively, in closed vessels in which air is not admitted and where 
corrosion, if at all active, is very slight." 

Mr. J. EL Andrew 2 has made a noteworthy contribution to our knowledge 
of this subject. He explains the corrosion of iron by caustic soda on the 
assumption that there are two phases present in the metallic mass viz., 
the crystalline and the amorphous cement or envelopes surrounding the 
various crystals. The amorphous phase, which is really the supercooled 
liquid, will absorb much greater quantities of hydrogen than the crystalline 
variety. Hence, when the iron is in contact with the caustic soda solution 
the atomic hydrogen which is liberated is absorbed by the amorphous layers, 
and as the amount of hydrogen taken into solution increases, the amorphous 
material becomes less and less stable. This instability naturally increases 
the tendency for that particular phase to crystallise, and this can only be 
effected by the actual growth of the pre-existing crystals. Thus, as Andrew 
has shown, the hydrogen causes excessively large crystals to bo produced, 
which is accompanied by very pronounced brittleness. Even if it is found 
that no amorphous cement exists at the boundaries, it will only be necessary 
to slightly modify Andrew's explanation, and consider that fcho hydrogen 
increases what Tammann calls the solution pressure at the crystal boundaries. 

1 Iron and Steel Inst., 1909, vol. i. 

2 " Embrittling of Iron by Caustic Soda/' Faraday Society, vol. ix., part 3, 1914 
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CHAPTER XHI. 
CEMENTATION AND CASE-HARDENING. 

many industrial purposes certain machine parts are required which 
have a very tough interior and an exceedingly hard working surface. Such 
parts are usually manufactured from very mild steel containing about 0-12 per 
cent, of carbon, and after machining to the desired shape the specimens 
are subjected to the cementation process, whereby the carbon content of 
the outside shell is raised to about 0*9 per cent. This outer surface is then 
hardened by quenching from a red heat (about &OU 0.), a treatment which 
does not sensibly affect the mild steel core. 

The cementation or carburising process consists in surrounding the 
articles with some suitable carbonaceous material contained in a tightly 
fitting iron box, and heating to temperatures of about ( J(XJ 0. 

When it is desired to keep any particular .surface or part of the wteel 
soft, for subsequent; machining purposes, etc., that; part is protected from 
the carburising elements by a coating of some inert material. Fire-clay 
is frequently used for this purpose, but it is very liable to crack, in which 
case it does not afford perfecb protection. For very important work, Dr. 
Guillet recommends a coating of electro-deposited copper, which can be 
removed after hardening. 

The actual time necessary to keep the steel at the carburising temperature 
largely depends upon (1) the thickness of the coating required, (2) the tem- 
perature of cementation, and (3) the composition of the carburising material. 

The thickness of the casing is usually determined by the engineer, and 
varies more or less with the particular article required. 

As regards the carbonising temperature, it is well known that the rato 
at which iron absorbs carbon at temperatures below the Ao 3 point- -i.e., 
about 915 C. is remarkably slow. Above that temperature carbon readily 
enters into solution with iron, and the rate at which this occurs increasoH 
as the temperature rises. Carbon is, of course, the essential element of all 
carburising mixtures, but there is no doubt that the presence of other com- 
pounds, and especially of nitrogen compounds, plays a very important role 
in this process. Indeed, this is so much the case that the purer forma of 
carbon, such as wood charcoal, or anthracitic coal, are seldom used for 
commercial case-hardening. Other substances which are more effective, 
although more expensive, are preferred. The eifecfc of the composition of 
the carburising medium upon the rate of cementation will be readily seen 
from the ligures in Table XVIII, which are taken from a paper by G/Shaw- 
Scott. 1 These figures were obtained by using specimens 3 inches long and 
6-5 mm. square section, which were kept at a uniform temperature of t>00 0. 

1 Journ. Iron and Steel lnst. t 1907, No. 3. 
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TABLE XVIII. 



Time of Heating. 


Leather. 


Wood Charcoal, 


Wood ("hurcoal 
and BiU'O 3 , 


2 hours, 


115 mm. 


0-72 mm. 


1 -36 mm. 


4 





1-58 


1 -07 


2-20 


8 


* 


2-30 


1 -f>8 , 


2-80 ., 


12 




2-80 


I -HO 


3-17 


16 


)) * 


right across 


the BjKH'imen. 





From the above figures giving the depth of carbon penetration in milli- 
metres, it is clear that pure wood charcoal IB not nearly HO effective an leather 
and the mixture of wood charcoal and barium carbonate. The exact action 
of barium carbonate is not understood, but it HUH been suggested that it 
possesses some property which enables it to absorb nitrogon from the air, 
contained in the cementation box, with the formation of an eilective cyanide 




Fig. 135.~Hirfi Carbon Steel, y 150. 

Cementito White. 
Poarlito =s Dark. 

of barium. Be that as it may, there can be no doubt that the presence of 
finch nitrogen compounds as cyanides arid ammonia bring about a very 
pronounced increase in the rate of cementation. 

For normal case-hardening, a " case " of approximately the same com- 
position as the eutectoid steel viz., 0-90 per cent, of carbon should bo 
obtained. With higher carbon an excess of eementite exists around the 
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pearlitic areas (fig. 135). These boundaries constitute a source of weakness, 
and can only be removed or broken up by quenching from higher tempera- 
tures in' the final hardening operation. Quenching from higher temperatures 
increases the chances of producing quenching cracks, in the hardened surface, 
and these are very injurious. The actual hardening operation consists in 
quenching the cemented specimens, from temperatures of about 800 0., 
either in water or in oil. If the initial steel contain only about 0-12 per cent, 
of carbon, this quenching has practically no effect upon the mechanical 
properties of the interior of the case-hardened specimens. 

When rather large objects have to be treated, and a comparatively thick 
casing produced, the time it is necessary to keep the mass at the carburising 
temperature is sufficient to bring about a material coarsening of the crystalline 
structure, which means a deterioration in the mechanical properties of the 
steel. If the best possible results be aimed at, this coarse structure should 
be removed before hardening. A detailed account of the recommendations 
made by the Society of American Testing Association for the heat-treatment 
of case-hardened carbon steel objects is given below. 

(1) When hardness of casing only is desired, lack of toughness or brittle- 
ness being unimportant, the carburised objects may be quenched by emptying 
the contents of the boxes into cold water or oil. Both the core and the case 
are then coarsely crystalline. 

(2) In order to reduce the hardening stresses, and to decrease the danger 
of distortion and cracking in the quenching bath, the objects may be removed 
from the box and allowed to cool, before quenching, to a temperature .slightly 
exceeding the critical range of the case namely, 800 to 825 C. .Both the 
core and the case remain coarsely crystalline. 

(3) To refine the case and increase its toughness, the carburinod objects 
should be allowed to cool slowly to below 700 C., and should then be reheated 
to a temperature slightly exceeding the Ac x change (775 to 825 C. is suit- 
able), and quenched in water or, for greater toughness and less hardness, in 
oil. The objects should be removed from the quenching bath before their 
temperature has fallen below 100 C. This treatment refines the case, but 
not the core. 

(4) To refine both the core and the case and increase their toughness, 
the objects should be allowed to cool slowly below 700 C., and should then 
be 

(a) Reheated to a temperature exceeding the critical points of the 

core, which will generally be from 900 to 950 C., followed by 
quenching in water or oil ; and 

(b) Before they have cooled below 100 C., they should be reheated 

to a temperature slightly exceeding the lower critical point of 
the case, say, to a temperature of 775 to 825 C., and again 
quenched in water or oil. 

(5) In order to reduce the hardening stresses created by quenching, the 
objects, as a final treatment, may be tempered by reheating them to a tem- 
perature not exceeding 200 C. 

The quenching operation frequently produced distortion of the ease- 
hardened objects, and it is, therefore, necessary to readjust or straighten 
them. This trouble, which is inevitable with carbon steels, can be eliminated 
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by using nickel steel. Dr. Guillet lias pointed out (see Chapter XV.) that, 
by using a steel containing 0*12 per cent, of carbon and 7-0 per cent, of 
nickel, case-hardening can be effected simply by raising the carbon of the 
outside surface to (>9 per cent., followed by slow cooling. The combined 
action of (M) per cent, of carbon and 7-0 per cent, of nickel is sufficient to keep 
the steel in the martensitic or hard condition, whilst, with only 0-12 per cent, 
of carbon in the core, that part is in the soft state. 



145 



CHAPTER XIV. 
METHODS OF TESTING HARDNESS. 

THE property or combination of properties which are generally associated 
with the term " hardness " are extremely interesting, and very important 
both from a purely metallurgical standpoint, and from the practical engineer's 
point of view. It is, therefore, not surprising that large numbers of papers 
(dealing with the many scientific and practical aspects of this subject have 
been published. But even now we cannot claim to have a really clear con- 
ception of the manner in which the various factors, which are believed to 
govern this particular property, react one upon the other, and determine 
the degree of hardness possessed by different metals and alloys. This some- 
what unsatisfactory state of affairs is rendered much less easy to grapple 
with when it is remembered that there are at least four types of hardness 
which are usually regarded as being quite distinct from one another. These 
are : (a) elastic hardness, (b) indentation hardness, (c) wearing hardness, 
and (d) machining hardness. Considering that the general term " hardness " 
is frequently used without any qualification for each of the above qualities, 
it is quite natural to expect that confusion will arise as to its meaning. 

With regard to elastic hardness and resistance to indentation there are 
two methods which ^re universally used for estimating these two properties. 
These are the Brinell method and the Shore scleroscopic method. The former 
is a static test, in which the hardness of the metal is taken as the measure 
of its resistance to penetration by a hardened steel ball under a steadily 
applied load. In the latter the hardness is indicated by the. height of rebound 
of a small hammer, which is allowed to drop from a fixed height, after pro- 
ducing a permanent, though small, indentation in the surface of the specimen 
under test. 

P 
Brinell Test. The Brinell number is -5- = EL Where P = the load 

o 

in kilogrammes and S = the superficial area of the concave surface of the 
indent in mm 2 . As Brinell found in his early experiments the number 
obtained in this way is influenced by the diameter of the ball used and also 
by the pressure under which it is forced into the surface of the specimen. 
The effect is (1) for the Brinell number to increase as the size of ball decreases, 
and (2) to increase as the pressure which is used is raised. 

Benedicks (1), who has examined BrinelFs method in some detail, has 
considered the indentations produced from three different aspects. 

P 

1st. -^, that is, the total pressure divided by the circular area of the 

TC (t 

.__. 

indent. This would appear to be the simplest expression and is that 
which was suggested by Auerbach (2). 

10 
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2nd. -4-, S being the spherical area of the surface of contact, which is 

Brinell's number ; and 

3rd. By examining the values of (1) and (2) after multiplying them by 
a function of the radius of the ball. 

The following data in Tables XIX. and XX. are taken from Benedicks' 
thesis. In Table XIX. are given the values for lead with a 6 mm. ball 
under loads varying from 2-0 to 25 kilos. It will be observed that under 

p p 

these conditions neither ^-, nor a- SJp are constant, thus indicating 
TC a* TU df 

__ __ 

that the hardness number increases with the increase in the applied pressure. 
Load* With a 6 mm. ball under varying load. 

TABLE XIX. 









? 


P fl ._ 


f> 


P 


d 


FT 










4' 


4 


3 


2-0 


0'80 


3-4 


4-3 * 


3 


4-0 


1-08 


4-4 


5-45 


3 


0-0 


1-33 


4*3 


5-4 


3 


9-0 


1-58 


4-0 


5-7 


3 


12-0 


1*78 


4-8 


0'0 


3 


15-0 


1-08 


4-9 


0'i 


3 


20-0 


2-25 


5-0 


0-3 


3 


25-0 


2-45 


5-3 


0-0 



The effect of varying the size of the ball when the pressure is kept constant 

P 
is shown in Table XX., from which it will be seen that , decreases as the 

_ 

size of the ball increases. It will also be noted from the figures given in 
column 5 that a constant is obtained when the values in column 4 are 
multiplied by the fifth root of the radius of the ball. 

TABLE XX. 









P 


P r 


p 


P 


d 




"T7* v p 








4 


4~ 


1'50 


21-0 Kilos. 


2*17 


5-7 


0-2 


2-97 


21-0 


2-25 


5-3 


0-0 


3'94 


21-0 


2-42 


4'0 


0-0 


4-90 


21-0 


2-42 


4-0 


0-3 


1-50 


31-0 


2-01 


5-8 


6-3 


2-97 


31-0 


2-72 


5-3 


0-0 


3*94 


310 


2-91 


4-7 


0-1 


4-90 


31-0 


2-94 


4-0 


0-3 
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JDhe useful application of Benedicks' correction by multiplying H by 
i/7, is very clearly demonstrated by the figures given in Tables XXI. and 
XXII. In the first set of data, Table XXL, the values are for a steel con- 
taining 140 per cent, of carbon examined under a load of 500 kilos. 

P P 

It will be seen that ^, and also the ordinary Brinell figures, * ~, show 

7T CL* O 

IT 

quite a substantial decrease as the size of the ball increases, but when both 
these series of figures are multiplied by tjf, the results are practically constant 
and almost the same in each series. 

The results in Table XXII. are for three steels containing respectively 
0*10, 045, and 1*25 per cent, of carbon tested under a pressure of 2,000 
kilos. In this instance it will be clearly seen that whilst Brineirs number, 

P P 

H, materially decreases as the ball increases, the product, -^ ^ is practically 

constant. With these higher pressures, however, it will be observed that 
the product of the circular area and Zj~p is certainly not constant. 

Hence, as Benedicks points out, Brinell was happily inspired in choosing 



S 



as the hardness number. 



TABLE XXI.- 1-40 PER CENT. CARBON STEEL. (LOAD, 500 KILOS). 







P 


P gy 






P 


d 






P 

H 


1' ^/p 






4 


4 






1-60 
1-61 


i'-S 1 ^ 


323 


354 


300 


336 


2-49 
2-49 


T46 J 1 " 470 ' 


295 


354 


288 


346 


2-99 
2-99 


1-495 \ . rAr 
1-515 ] rouo 


281 


' 350 


277 


344 


3-97 
3-97 


1-550 ) , rrn 
1-549 ( roou 


265 


349 


263 


346 


5-00 
5-00 


1-5761 ,.- ftn 
1-585 / X 5bU 


255 


352 


253 


350 


6-37 
6-37 


1-6251 1<fi27 
1-630) ltw/ 


240-5 


348 


239 


346 












! 



Influence of Pressure. It is clearly indicated by Brinell in his early 

P * 

publication that his hardness figure ^ increases with the pressure, and this 

has been repeatedly verified by subsequent workers. The variations thus 
obtained is quite marked when the indentations that are produced are small, 
but they are not at all serious, and, in fact, may be regarded as negligible 
when the deformation corresponds with an indent of above, say, 3*5 milli- 

P 

metres. A curve which is typical for all metals when = *s plotted against 
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TABLE XXIL LOAD, 2,000 KILOS. 



Percentage 
Carbon. 


P 


(Z 


P 

*T 

4 


Jt iA> 

IT d* V 
_-.. 


I 


*iv 


(HO 


2-50 




133 


KM) 


115 


138 


o-io 


3-75 


4-60 


120 


157 


107 


139 


o-io 


5-00 


4-90 


10tt 


140 


99 


137 


o-io 


7-50 


5-10 


98 


140 


95 


142 


0'45 


2-50 




245 


294 


220 


204 


0-45 


2-75 


3-40 


220 


287 


208 


271 


0-45 


5-00 


3T)(> 


20H 


287 


201 


276 


0-45 


7-50 


3-75 


181 


271 


178 


260 


1-25 


2-50 




309 


443 


345 


414 


1-25 


3-75 


2-80 


325 


423 


315 


410 


1-25 


5-00 


2-85 


314 


433 


30(1 


422 


1-25 


7-50 


305 


274 


410 


272 


407 



P is shown in Fig. 136. It will be readily understood that the load above 

P 
which - = constant varies from metal to metal being greater m the hard- 

o 
ness of the metal increases. Many investigators are of the opinion that 

P 

the change of with the load is due to the increase in the hanlne.HH of the 



Load 
Fig. 136. 



metal produced by plastic deformation. This does not seem to be the correct 
explanation, (1) because it applies to lead, which does not appear to be 
hardened by cold work, and (2) the effect is much more pronounced in the 
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case of completely hardened steel than any other metal or alloy, and since 
such a metal "is incapable of undergoing plastic deformation it follows that 
its hardness cannot be increased in that way. The observed discrepancies 
are most likely due to the change in the geometric shape of the indent, which 
is, of course, more serious for small than for large indents. Whatever may 
be the real cause there is no disputing the fact that there is a certain minimum 
load which increases with the hardness of the metal tested, below which the 
values are low and above which they are virtually constant. In this con- 
nection the figures given in Table XXIII. are rather significant, for they 
broadly indicate the minimum load which should be used in order to obtain 
a satisfactory Brinell figure. For very hard materials, such as hardened 
steels, the pressure should be something of the order of 5,000 kilos. With 
such hard metals it is necessary to point out that the results are influenced 
by an unavoidable distortion of the ball itself. Hitherto it has not been possible 
to make a satisfactory correction for the change in shape of the ball, but an 
extremely useful investigation in this direction has been made and recently 
published by Shore. 1 

TABLE XXIII. 





Brinell Hardness Numbers. 


Description of Sample. 


Load in Kg. 





500 


1,000 


1,500 


2,000 


2,500 


3,000 


Aluminium, - 


19 


20 


17 








fi 


79 


83 


82 


81 


80 


80 




Duralumin, 


108 


125 


121 


125 


124 


126 


Mild Steel, 


109 


121 


127 


128 


130 


121 


Nickel- Chromium Steel, Air Hardened, - 


175 


200 


207 


214 


224 


221 


Annealed High-Speed Tool Steel, - 


157 


198 


207 


214 


211 


217 


Valve Steel, - - - - 


194 


218 


231 


242 


244 


248 


Medium Carbon Steel, - 


219 


238 


259 


257 


259 


268 


Nickel- Chromium Steel, Oil Hardened, - 


264 


350 


390 


418 


427 


444 


Hardened High-Speed Tool Steel, - 


. . 


. 


472 


570 


548 


600 



Ludwik Test* Turning to the question of the change in the geometric 
shape of the Brinell indents, it is interesting to note that Ludwik 2 overcomes 
this defect by using a right-angled cone instead of a ball. When such a cone 
is used the radius and depth of the indentations are always equal, and there 
is no change in the geometric form of the indents. Theoretically it might 
be claimed that this method of testing hardness is better than the Brinell 
ball test, but there is the insuperable practical difficulty of preserving the 
shape of the cone when testing hard metals. Since it is for the higher ranges 
of hardness where improvements in the methods of testing aro more urgently 
required, the Ludwik test is not likely to come into general use. 

1 Iron and Steel Institute, vol. II., 1918. 

2 Baumateriattenlcunde xii., jalirgany, 1907, p. 147. 
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TABLE XXIV. 

Diameter of Impression with 10 nun. ball, Area of Impression, and Maximum 
Pressure in Kilogrammes per Square Millimetre. 



Bia. 


Area. 


5000 
~A 


$000 

A"" 


1000 

A 


1-50 


1-8095 


2770 


1660 


551 


T55 


1-8975 


2640 


1582 


528 


1-60 


2-0232 


2480 


1487 


495 


1-65 


2-1866 


2290 


1373 


458 


1-70 


2-2871 


2180 


1310 


437 


1-75 


2-4378 


2055 


1236 


411 


1-80 


2-5761 


1940 


1164 


388 


1-85 


2-7112 


1848 


1108 


368 


1-90 


2-8620 


1750 


1048 


350 


1.95 


3-0159 


1660 


995 


332 


2-00 


3-1762 


1577 


946 


316 


2-05 


3-3427 


1498 


898 


298 


2-10 


. 3-5029 


1430 


867 


286 


2-15 


3-6757 


1361 


817 


273 


2-20 


3-8485 


1304 


782 


261 


2-25 


4-0275 


1242 


744 


248 


2-30 


4-2097 


1189 


713 


238 


2-35 


4-3982 


1139 


683 


227 


2-40 


4-5930 


1090 


652 


218 


2-45 


4-7885 


1045 


627 


209 


2-50 


4-9889 


1000 


600 


200 


2\55 


5-1931 


903 


578 


193 


2-60 


5-4036 


925 


555 


185 


2'65 


5-6188 


889 


532 


178 


2' 70 


5-8340 


855 


512 


171 


2-75 


6-0586 


827 


495 


166 


2-80 


6-2832 


798 


477 


15ft 


2-85 


6.5172 


767 


460 


163 


2-90 


6-7513 


741 


444 


148 


"295 


6-9696 


718 


430 


144 


3-00 


7-1880 


696 


418 


140 


3-05 


7-4629 


670 


402 


134 


3-10 


7-7378 


645 


387 


129 


3-15 


8-0001 


625 


375 


125 


3-20 


8-2624 


606 


364 


121 


3-25 


8-5310 


587 


351 


117 


3-30 


8-7996 


569 


340 


114 


3-35 


9-0792 


551 


332 


111 


3-40 


9-3588 


535 


321 


107 


3-45 


9-6478 


518 


311 


104 


3-50 


9-9369 


502 


302 


101 


3-55 


10-2353 


488 


293 


98 


3-60 


10-5338 


476 


286 


95 


3-65 


10-8416 


462 


277 


92 


3-70 


11-1495 


448 


269 


90 


3-75 


11-4495 


430 


262 


88 


3-80 


11-7496 


425 


255 


85 



500 


200 


A 


A 


277 


in 


264 


105 


248 


99-0 


229 


91-5 


218 


87-5 


206 


82-0 


194 


77-5 


185 


73-8 


175 


60"S 


160 


62-2 


158 


61-0 


150 


59-8 


143 


57-0 


136 


54-0 


130 


52-0 


124 


50'0 


119 


48-0 


114 


46-0 


109 


44-0 


105 


42-0 


100 


40-0 


96 


39-0 


93 


37-0 


89 


36-0 


86 


34-0 


83 


33'0 


80 


320 


77 


31-0 


74 


30-0 


73 


29-0 


70 


28-0 


67 


27-0 


65 


26-0 


63 


25-0 


61 


24-0 


59 


23-5 


57 


230 


55 


22-0 


54 


21'4 


52 


20-7 


50 


20-2 


49 


19-0 


4B 


19-0 


4tt 


18-5 


45 


18-0 


44 


17-5 


43 


37-0 
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Dla, 


Area. 


5000 
A 


3000 
A 


JOOO 
A 


600 
A 


200 
A 


3'85 


12-0051 


414 


248 


83 


41 


16-5 


3-90 


12-4407 


402 


241 


81 


40 


16-0 


3'95 


12-7785 


392 


235 


78 


39 


15-6 


4-00 


13-1162 


382 


228 


76 


38 


15-2 


4-05 


13-4712 


372 


223 


75 


37 


14-9 


4-10 


13-8202 


362 


217 


73 


36 


14-5 


4-15 


14-1749 


353 


' 212 


71 


35 


14-'l 


4-20 


14-5236 


345 


207 


69 


34-5 


13-8 


4-25 


14-8943 


336 


202 


67 


33-6 


13-4 


430 


15-2050 


326 


196 


65 


32-6 


13-1 


4-35 


15-6451 


319 


192 


64 


32-0 


12-8 


4-40 


16-0253 


312 


187 


63 


31-2 


12-5 


4-45 


16-4148 


304 


183 


61 


30-4 


12-2 


4-50 


16-8044 


297 


179 


60 


29-7 


12-0 


4-55 


17-2065 


291 


174 


58 


29-1 


11-6 


4-60 


17-6087 


284 


170 


57 


28-4 


11-4 


4-65 


18-0186 


278 


166 


56 


27-8 


11-1 


4-70 


18-4286 


272 


103 


54 


27-2 


10-9 


4-75 


18-8527 


265 


159 


53 


26-5 


10-6 


4-80 


19-2768 


259 


156 


52 


25-9 


10-4 


4-85 


19-7135 


254 


153 


51 


25-4 


10- 1 


4-90 


20-1502 


249 


149 


50 


24-9 


9-9 


4-95 


20-5978 


244 


146 


49 


24-4 


9-7 


5-00 


21-0455 


238 


143 


48 


23-8 


9-5 


5-05 


21-5042 


233 


140 


46-5 


23-3 


9-3 


5-10 


21-9629 


228 


137 


45-5 


22-8 


9*1 


5-15 


22-4357 


223 


134 


44-5 


22-3 


8-9 


6-20 


22-9085 


218 


131 


44 


21-8 


8-7 


5-25 


23-3939 


215 


128 


43 


21-5 


8-6 


5-30 


23-8793 


210 


126 


42 


21-0 


8-4 


5-35 


24-3694 


206 


124 


41 


20-6 


8-2 


5-40 


24-8720 


201 


121 


40 


20-1 


8-0 


5-45 


25-3778 


197 


118 


39-5 


19-7 


7-9 


5-50 


25-8931 


193 


116 


39 


19-3 


7 . 7 


5-55 


26-4114 


190 


114 


28 


19-0 


7"6 


5-60 


26-9392 


186 


112 


37 


18-6 


7-4 


6-65 


27-4733 


182 


109 


36-5 


18-2 


7-3 


4-70 


28-0168 


178 


107 


35-7 


17-8 


7-1 


5-75 


28-5634 


175 


105 


35-0 


17-5 


7-0 


5-80 


29-1163 


172 


103 


34-4 


17-2 


6*9 


5-85 


29-6818 


169 


101 


33-8 


16-9 


6-75 


5-90 


30-2536 


106 


99 


33-0 


16-6 


6-6 


5.95 


30-8316 


162 


97 


32-5 


16-2 


6-5 


6-00 


31-4160 


159 


95 


32-0 


15-9 


6-4 


6-05 


32-0066 


156 


94 


31-0 


15-6 


6-25 


6-10 


32-6098 


153 


92 


30-6 


15*3 


6-15 


6-15 


33-2130 


151 


90 


30-0 


15-1 


6-0 


6-20 


33-8350 


148 


89 


29-6 


14-8 


5-9 


6-25 


34-4602 


145 


87 


29-0 


14-5 


5-8 


6-30 


35-0634 


143 


86 


28-5 


14-3 


5-7 


6-35 


35-7325 


140 


84 


28-0 


14-0 


5-6 


6-40 


36-3828 


138 


82 


27-5 


13-8 


5-5 
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TABLE XXIV. -Continued. 



Dia. 


Area. 


5000 

A 


3000 
A 


1000 

"A 


fiOO 

A 


200 

A 


6-45 


37-0426 


135 


81 


27-0 


13-5 


5*4 


6-50 


37-7086 


133 


80 


26-5 


13-3 


6-3 


6-55 


38-3872 


131 


79 


26-0 


13-1 


5.2 


6'60 


39-0720 


128 


77 


25-5 


12-8 


5-1 


6-65 


39-7632 


126 


76 


25.2 


12-6 


5-0 


6-70 


40-4700 


124 


74 


24-7 


12-4 


4-95 


6-75 


41-1832 


122 


73 


24-4 


12-2 


4-87 


6-80 


41-9058 


119 


71-5 


23-8 


11-9 


4-8 


6-85 


42-6409 


117 


70 


23-5 


11-7 


4-7 


6-90 


43-3855 


115 


69 


23-0 


11-5 


4-6 


6-95 


44-1394 


113 


68 


23-0 


11-3 


4-5 


7-00 


44-9028 


111 


67 


22-0 


11-1 


4-4 



Influence of Time* It is now generally recognised that the time 
during which the pressure is maintained in making an indentation test has 
an appreciable influence upon the results obtained. Broadly speaking, the 
effect in this connection varies with the hardness of the metal under test. 
Although this fact is accepted, the quantitative influence of time has not been 
thoroughly examined, but with the object of neutralising its effect it is 
the practice to maintain the maximum pressure for a standard time namely, 
30 seconds. 

When we consider that it is possible to obtain a constant value by the 
somewhat arbitrary method of applying any load above a certain minimum, 
as in BrineH's method, we are almost tempted to conclude that we are dealing 
with a fundamental physical property of metals and not with a group of such 
unrelated properties. This we may regard as the viscosity of the material, 
and regard metals in the solid state as comparable with liquids of very high 
viscosity. Table XXIV. contains a list of indents and corresponding areas 
in mm. 2 along with the Brinell hardness numbers. 

Scleroscope Method. This method of testing hardness, which is ex- 
ceedingly useful, is based upon an entirely different principle from that 
just considered. It may roughly be described as being dependent upon 
the resistance to penetration under a dynamic stress, and partly upon the 
elastic properties of the metal. It should be clearly understood that both 
these factors take part in the test, and that under ordinary conditions their 
relative influence is not the same when samples of different hardness are 
being examined. The reason for this is, that the energy of impact is the 
same in all tests, and consequently the amount of deformation that is, the 
work done on the specimen varies with the hardness of the material ; there- 
fore the energy of rebound does not depend alone upon the elasticity of the 
metal, for it is influenced by the varying amounts of energy uaed in pro- 
ducing indents of different sizes. It follows from this that a atraight-line 
relationship between the values obtained by the scleroscope on the one hand 
and those by the Brinell on the other cannot be expected unless some 
correction is made to allow for the varying energy that is absorbed in the 
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latter test. If, however, a correction of this kind could be introduced there 
are good reasons for thinking that there would be a very close relationship 
between the elastic rebound and the Brinell values. 

Dynamic Indentation Test* Many years ago a French investigator, 
Lieut.-Col. Martell, conducted an extensive and important investigation 
on the indentations which are produced in metals under dynamic stresses. 
He proved that when using three different strikers having the form of quad- 




Fig. 137, Impact Device for transmitting a known amount of energy through a 
hardened 10 mm. ball to surfaces under test, 

rangular pyramids, the volume of the indent was directly proportional to the 
total energy of the blow. In other words, y- = constant, which is known 

as MartelFs hardness number. With an instrument such as is shown in Fig. 
137, which was used by the author, plastic deformations with a 10 mm. 
ball under a dynamic stress can be made. 

This consists of a heavy base A, which is supported by three logs that 
are firmly screwed into it. On the upper side of "the base are tightly fixed 
two upright rods of steel which act as guides for the weight B which slides 
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very loosely between them. The beam or cross-piece C serves to support 
the weight and regulate the height from which it is allowed to fall. Thia 
beam can slide up and down on the guides. Its position can be accurately 
adjusted by means of two balls in spring sockets engaging in grooves exactly 
one inch apart, on the inner sides of the guides. The highest position of the 
beam permits the weight to fall 21 inches measured from the lowest part 
of the ball, fixed at D, to the surface of the specimen. As shown in Pig. 137 
the weight was exactly 3-5 Ibs., but by removing the two cylinders EE o 
duralumin the weight was 1-75 Ibs. If, instead of duralumin, two steel 
cylinders were used, the total weight was 7 Ibs. Hence with this simple 
arrangement it was possible f;o arrange for any degree of impact energy 




IMPACT INDENT - DIAM. It* MM. 



Fig. 138. Brinell indents with, load of 3,000 kg., and impact indents 63 iuch-lbs. 

between If to 147 inch-lbs. The weight was released from its hanging- 
position by pressing the handle F. Care was always taken to keep the- 
guides well smeared with vaseline to allow the weight perfect freedom to fall, 
with the minimum amount of friction. That the friction was exceedingly 
small and insufficient to interfere with the value of the results is manifest 
from the fact that practically the same indentations were produced even 
when the weight was dropped from different heights, providing the same 



METHODS OF TESTING HARDNESS. 



impact energy was applied ; for example, the same results were ol 
with, a weight of 3J- Ibs. falling *20 inches as for a 7-lb. weight falling 10 
Since the height from which the weight j^ell was determined by th 
position of the grooves, the exact distance of the fall when specimens of -v 
thickness were being tested hatl to be regulated by other means. Tl 
done by adjusting the height of the dummy G, on which the specimen 
by means of the screw H. Specimens were not allowed to rest loosely 
dummy, because energy might possibly have been dissipated in thi 
The samples were, therefore, rigidly held down by means of the ho 
by sliding it on the guides and tightly screwing it on the specimen, 
the weight is released, the striker on the lower side passes freely tl 
a hole in the holder and hits the specimen. Before making any exper 
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Fig 139. Diameter ol indent produced by impaot of 35 inoh-lba, 

the apparatus was carefully placed, BO as to ensure that the guides we: 
perfectly vertical position, on a thickly concreted ground floor. The i 
ment was in such a position during all the experiments which have been 

When the diameters of the indents produced with this instrum 
metals of varying hardness are plotted, against the corresponding dia: 
made under a static load, Fig. 138, it will be seen that there is a sti 
line relationship between them. 

If the same dynamic indents are plotted against Erinell numbers, a 
such as shown in Fig. 139 is obtained. The equation for this cu 



H = 



1 455 



- , where H is the Brinell number and d is the diameter of the 
produced by impact. There are certain anomalies to which attentioi 
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be drawn ; they are the four metals iron, cadmium, zinc, and tin. In these 
instances it will be noticed that the observations fall well off the main curve 
in such a manner as to indicate, that it is relatively less easy to produce an 
indent under dynamic stress in these metals than in others. This must 
not be interpreted as meaning that with these abnormal metals a greater 
amount of energy is absorbed when tested by dynamic means than when 
tested statically ; all that it indicates is that those particular elements 
show a relatively higher resilience under impact, and consequently give a 
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Eig. 140. Comparison of Sclerosoope Hardness Nos. with heights of rebound 
using new impact instrument. 

greater rebound than would be expected when the results for other metals 
are taken into account. Why this should be is not known with any certainty, 
but the author has observed that this" abnormal behaviour is associated with 
a special kind of deformation. The difference is this, when iron, zinc, 
cadmium, and tin are quickly strained, their crystals become prolifically 
twinned, but this does not appear to take place when they are slowly strained. 
So far as can be detected other metals do not possess this particular property. 
As regards the dimensions of the indents produced, the author has found, 

and Mr Batson has independently confirmed, that MartelFa law = constant 



METHODS OF TESTING HARDNESS. 



157 



is almost, if not absolutely, correct when hemispherical strikers are used. 
It is, therefore, an easy matter to calculate from the volume of an indent 
made in any metal with a known impact exactly what amount of energy 
would be required to give an indent of a standard size. 

Dynamic Indentations and Elastic Rebound. 

As previously intimated, the principle of the Shore scleroscope is that 
the height of rebound of the small hammer is proportional to the elastic 
properties of the metal tested. The inventor does not claim that this 
instrument measures the same kind of hardness as the Brinell method, 
but it would seem that the difference is not nearly so marked as would at 
first sight appear, indeed, it is highly probable that, if the height of fall of 
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Fig. 141. Comparison of the Brinell, Scleroscope, and Impact 
Indent Hardness Scales. 

the hammer could be adjusted so as to give the same size of indentation in 
all tests, the rebound would be directly proportional to the Brinell hardness 
number. Although the available data is insufficient to enable us to formulate 
a really definite conclusion in this respect, the results obtained by Batson 
and by the author indicate that the above view is substantially correct. 
For example, if the data obtained with the instrument, Fig. 137, and plotted 
in Fig. 140, are reconsidered in the light of Kartell's law, see Fig. 141, it 
will be noted that there is a straight-line relationship between the total energy 
of impact required to produce a standard indent and the energy of rebound. 
Since the amount of work done in making a standard indent is the same, 
and this must bear a direct relation to the ideal Brinell number, it follows 
that, under favourable conditions, the Brinell value and elastic rebound must 
be reflexes of each other. 
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not more than would be anticipated from experimental error. There is a 
slight tendency for the results of samples possessing medium ultimate stresses 
to fall off the line a little more than the average for the others. The general 
agreement is, however, so good as to warrant the conclusion that there is 
a, direct relationship between hardness and tensile strength which holds 




Brine/l Hdrdness 
Fig. 142, 

for steels, and may probably be applied to many, if not all, other metals 
and alloys which have been mechanically worked after casting and are 
capable of plastic deformation. 

A very interesting diagram, Fig. 143, showing the relations between 
hardness and other mechanical properties has been constructed by Sir Eobert 
Hadfield from the data published in the paper by Shore already quoted. 
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Molecular Attraction and Hardness. 

The tendency amongst physical metallurgists is to regard the hardness of 
metals as being due to the attraction which exists between their molecules. 
This attraction, which is usually described as intrinsic pressure or internal 
cohesion, is considered to be identical with the corresponding attractive forces 
which are known to exist in gases. 

In Boyle's law for gases, which is written pv = R T, no account is taken 
of molecular attraction. Of course it is well known that ordinary gases 
do not strictly obey this law, and it is recognised that the deviations are 
due to the forces of attraction which exist between the molecules. To 
allow for this, van der Waals haa modified Boyle's expression and writes 



is termed the internal pressure, and 6 is the limiting volume at which the 




Fig. 144; 
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molecules of a gas are actually in contact with each other. The above equation 
has been used by Traube and applied to a consideration of the solid state, 
He has calculated the internal pressure for a number of solids, and found that 
the modulus of elasticity and internal pressure run parallel with each other. 
He also compared the internal pressures with hardness values, but was not 
satisfied with the results, and attributed the disparities to the influence of 
impurities on the results he had for the hardness of metals. The author 
has plotted Traube's calculated values for the internal cohesion against 
the Brinell hardnesses recently obtained for the corresponding metals, Fig, 
144, and, whilst it cannot be claimed that the agreement is perfectly satis- 
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factory, the discrepancies may, apart from the question of impurities, be 
due to two factors which van der Waals' equation of state does not take 
into account. 

These are, first, the possibility of a metal undergoing a complete rearrange- 
ment of the distribution of its molecules in space, and, second, the case of 
a metal which may be mon-atomic over one range of temperature becoming 
di-atomic over another range. Either of these changes would undoubtedly 
cause an alteration in the hardness of a metal, but no provision is made 
for them in van der Waals' equation. 

Hence, the calculated values for internal cohesion cannot be expected 
to agree with the experimentally determined hardness for a metal coming 
under either of these categories. In^this connection it may be interesting 
to note that, in the case of antimony, which gives a more widely different 
calculated value for internal cohesion than would be anticipated from its 
Brinell hardness, Bragg 1 has shown that its molecules are di-atomic, whereas 
in copper, where the theoretical and calculated values are much closer, the 
molecule is mon-atomic. Ludwig 2 has shown that antimony is one of the 
metals which rapidly loses its hardness as the temperature is raised to a 
certain point, after which the fall becomejypauch less rapid. 

Many attempts have, from time to time, been made to give an explanation 
of the different hardnesses of pure metals. In 1873 Bottone 3 advanced 
the view that hardness varied directly as the number of atoms per unit 
volume. This view has since been supported by other workers. In column 
1, I 1 able XXV., are given the atomic volumes of a number of solid elements, 
and the corresponding Brinell numbers are arranged in column 2. Both 
those series of ligures are plotted in Fig. 145 against the respective atomic 
weights. It will be seen that both factors follow some kind of periodic 
function of the atomic weight. Richards 4 has shown that when the electric 
properties, coefficient of expansion, and compressibility are plotted in this 
way they show the same kind of periodic variation. The view that hardness 
varies with the atomic volume may be quite correct if the determinations 
were made at temperatures immediately below the melting points, but an 
examination of the data given in Table XXV. strongly suggests that atomic 
volume cannot possibly be the only factor which determines the degree of 
hardness possessed by a metal. For example, sodium and calcium, which 
have very nearly the same atomic volumes, have quite different hardnesses, 
and, indeed, the latter, which has the greater atomic volume of the two, 
is much the harder ; again, iridium, with a higher atomic volume than iron, 
chromium, or copper, is considerably harder than any of those elements. 
Therefore, whilst it may be admitted that atomic volume plays an important 
role as regards the hardness of pure metals, it is certainly not the only 
governing factor, and it is necessary to enquire what other physical properties 
are concerned. After a rough examination of other constants, and the well 
known (act that hardness is materially affected by heat, we are immediately 

* May Lecture, Inst. of Metals, 1916, No. 2. 
2 Ze.itftchrift fur Physikalisclie Chemie, vol. xci., 1916, p. 232. 
B Bottone, Chemical News, 1873, p. 215. 

1 Transactions of Chemical Society, 1911, vol. xcix.; Journ. of American Chemical 
Society (36), pp. 24/7-2439; and Journ. of Chemical Society, 1915, vol. ii., pp. 16 and 
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TABLE XXV. 



Element. 


Atomic Volume. 


Brine 11 Hardness. 




Sodium, - 


23-7 


07 




Magnesium, - 


14-3 


38-30 




Aluminium, 


10'5 


24-7 




Silicon, . . . 


11-4 


240-0 




PhosphoruB, - 


17-2 


63 




Potassium, - 


47-0 


04 






7-1 


97-0 




Nickel, - 


6-7 


144-0 




Cobalt, .... 


6'8 


86-0 




Copper, .... 


7-1 


53-0 




Zinc, - . . 


9-5 


45-5 




Arsenic, - 


13-3 


147-0 




Rhodium, 


8-5 


IfHH) 




Palladium, ... 


9-3 


H) 




Silver, .... 
Cadmium, 


13-0 


37-0 
29-0 




Indium, - 


16-1 


H) 




Tin, .... 


10'2 


9-0 




Antimony, 


17-9 


68-0 




Iridium, - - - - 


8-6 


217-0 




Platinum, ... 


9-1 


44-0 




Gold, .... 


10-2 


33-0 




Thallium, 


17-2 


7-3 




Lead, . - - - 


18-2 


(H) 




Bismuth, 


21-2 


14-0 





Tm - 1 

V x R * 



29 
10-3 
15-1 
89-3 
12 
09 
97-0 
Hfr 
99-9 
49'3 
8-4 
2'4 
148-0 
7HS 
26-8 
5-49 
1-28 
3-5 
17-4 
177-4 
lUI-0 
39-7 
32 



led to the conclusion that the distance from the melting point of the* tem- 
perature at which determinations are made must be given careful attention. 
Of course, the most satisfactory way of considering this side of the question 
would be to make the hardness tests of the different metals when they are 
in corresponding states i.e., at equi-distant temperatures from their re- 
spective melting points on the absolute temperature scale. Unfortunately 
there is as yet insufficient data along these lines, and in the absence of reliable 
quantitative data it may be useful to consider the results for ordinary 
atmospheric temperature. Considering only atomic volume and temperature 
so far as is possible the most satisfactory agreement between what may be 
provisionally regarded as theoretical values, and those obtained experi- 
mentally, is found by assuming that hardness is proportional to the distance 
from the melting point, and inversely proportional to the atomic volume 

TVyi ._, / 

or _;.. _ H ? where T m is the absolute melting point, and t in the 

temperature at which the test is made. The figures obtained in this way 
are very much more nearly proportional to the determined hardness than 
is the case when atomic volumes alone are taken, into account. For the 
most part they are roughly equal to or a multiple of the Brinel'l numbers, 
but in the case of such elements as sodium, potassium, phosphorus, and 
indium, which have low melting points, the calculated figures are far too 
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high. To bring these elements into the general scheme it is necessary to 
consider at least one other variable. The factor which next appears to 
demand attention is the change in atomic volume, with temperature. 
Assuming that the coefficient of expansion is really a linear function of 
temperature, we can calculate the atomic volume for any desired tempera- 
ture. The alteration in atomic volume with change of temperature is, 
however, so small as to make it quite evident that if its effect is of the same 
order as previously considered, its influence upon the above equation would 
be practically negligible. If, however, we suppose that this change of volume 
acts on the hardness more or less independently of the real volume, and state 
that its influence is inversely proportional to the temperature, then its effect 

would be brought out much more prominently. The expression would 

nn ., / 

then be v nT"r? ^ ^> or > hardness would, in accordance with this ex- 

V X v,' Oi ,KJ 

pression, vary in proportion as the distance from the melting point, but 
in the inverse direction as the product of the atomic volume and coefficient 
of expansion. With this modification the calculated figures for phosphorus, 
sodium, potassium, and indium very closely agree with the experimental 
values. It will, however, be noted that there are still irregularities (com- 
pare column 3 with column 2, Table XXV.), but they can scarcely be regarded 
as serious when it is remembered, first, that the tests have not been made 
at corresponding temperatures ; second, it has been necessary for the time 
being to assume that the coefficient of expansion is a linear function of tem- 
perature, and, third, it has not been possible to take account of any internal 
molecular transformation that might occur in some of the elements at certain 
definite temperatures. If we take only one of these- namely, the third 
and examine it in the light of the results obtained by Ludwik for the change 
of hardness with temperature for antimony, ssinc, and cadmium, it would 
seem that if it were not for some internal molecular rearrangement taking 
place well above 15 C., the difference between the Brinell hardness of these 
elements and the values obtained by means of the equation would be very 
small. For if the upper sections of Ludwik's l hardness curves for these 
three elements are extended down to the ordinary temperature, and the 
transformations which take place are thus tentatively eliminated, the 
values are then approximately the same as those obtained from the equation. 
Of course, this equation cannot be regarded as perfectly satisfactory, but 
it appears to embrace the more fundamental factors governing the resistance 
to penetration of pure metals. 

1 ZeiUchrift fOr PhysikcAische Chemie> vol. xci., 1016, p, 232. 
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CHAPTER XV. 
THEORIES OF HARDENING STEELS. 

THE fact that steel can be hardened simply by heating to a bright red heat 
and quenching in a relatively cool liquid medium, such aB water, han been 
well known and utilised for ages. It is to thin particular property of steel 
that civilisation owes, directly or indirectly, so many of the advances that 
have been made. 

In view of the great importance of this property, it in not surprising that 
many attempts have been made to explain theoretically how it is brought 
about and what is its precise cause. When, likewise, the complexity of the 
problem is taken into account, it is not very remarkable- that tho conclusions 
arrived at have, in many respects, been widely different. The various theories 
that have from time to time been advanced have been subjected to evcm 
criticism, and although the controversy has developed along linen which 
have sometimes seemed to confuse the issue, it has stimulated further in- 
vestigation, and the publication of valuable data, and thus served a useful 
purpose. 

Even now it would be unwise to dogmatise, because it in quite possible 
that some important fact still awaits discovery, which will necessitate a 
modification of any conclusion now drawn from the most reliable* data at 
present available. 

Briefly, it is known that hardening is in Home way connected with the 
effect of quenching upon the Ai\ critical point, which occurs at 7<K)' ('. in 
carbon steels. Further, it is acknowledged that the decree of hardening 
is practically proportional to the magnitude of the Ar, change, and, there- 
fore, the maximum effect is produced with about (M) per cent, of carbon. 
Until comparatively recently the theories that were formulated could more 
or less be classed in two groupsviz., those which attribute the hardening 
to the presence of a particular allotropic modification of the* iron, and flume 
in which it is considered that the hardening is associated with a certain 
condition of the carbon as it exists in the quenched stool. In recent years 
there has been a decided tendency to consider the question in a much broader 
light. 

The allotropic theory was first put forward by Osmond l in his classical 
research on u The Critical Points of Iron and Steel," but since that publica- 
tion the interpretation of the facts upon which his theory rests, and even 
the theory itself, have been modified in some rather important respects. 
Originally Osmond was unable to decide whether the critical point* Ar 3 
and Ar 2 were totally distinct and independent of each other, or whether 
the Ar 2 point was the lower limit of the Ar 3 retarded by the presence of small 
quantities of carbon. Provisionally, he asserted that iron bolow Ar 2 possesses 
l Journ. Iron and Steel Ingt., 1890, No. 1. 
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the molecular form a, and above Ar 3 the allotropic form p. At temperatures 
between those two points, when they are distinct, he considered that the 
metal consisted of a mixture of the two varieties a and /?. He also gave 
figures illustrating how the position of the recalescence is lowered when the 
cooling of a steel containing about 0-9 per cent, of carbon is accelerated. 



Cooling. 



Slow in tube, . 
Ordinary in tube, 
Rapid in air, . 
Very rapid in water, , 
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AH is shown by these figures, when the rate of cooling is fairly rapid, 
the changes produced during slow cooling are not produced on quenching. 
Osmond's conclusions were us follows :" Hardened steel is a steel in which, 
the iron and carbon have preserved more or less completely in* the cold the 
condition which it possessed at high temperatures. The heat of the change 
that has not been e fleeted remains disposable, in the metal, and may be 
termed the* latent beat of hardening. We. conclude, that hardened steel owes 
its properties principally to the presence of /j-iron, which is hard and brittle 
by itself at- the ordinary temperature. Carbon in the state of hardening 
carbon maintains iron in the (l condition during slow cooling up to a tem- 
perature which is in inverse proportion to the amount of carbon contained 
in the metal. . . . The influence of carbon is of the same character as 
that of the rate, of cooling, and both combine to produce the final result. 
Tho rate of cooling alono is not sufficient under ordinary conditions in which 
hardening is e fleeted to maintain an appreciable fraction of the iron in the 
ft condition. But as, under the same condition, it is easy to maintain the 
carbon in the. state of hardening carbon, and as the hardening carbon imparts 
stability to //-iron, it is evident in what manner //-iron may be successfully 
preserved up to the ordinary temperature by the aid of carbon. The more 
rapid the cooling the more incomplete are the changes and the harder is the 
hardened metal/ 1 

It should lie remembered that at that period, and for some time later, 
the /! theory, as it is called, referred to the iron when at temperatures above 
the Ar 3 point as being in the ft condition. That theory, as it was then known, 
was entirely independent of the condition of the iron when at temperatures 
between Ar 3 and Ar 2 points. At a later period, however, it was considered 
by Osmond, Roberts-Austen, and others who took the side of the allotropists, 
that the Ar point was quite distinct from the Ar, 3 critical point, and they 
came to the conclusion that the Ar 2 also corresponded with an allotropic 
change in the iron. From that time onward the p theory, as applied to the 
hardening of steels, retained the same name, but really became a different 
theory. Thus the range of temperature between the Ar 3 and Ar 2 became 
known as that in which the iron existed in the ft state ; and what was pre- 
viously known as /J-iron (above the Ar 3 change) was afterwards spoken of 
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as y-iron. These alterations in the theory are of fundamental importance, 
particularly when the details of the case are considered. In the early stages- 
of the theory, allotropists definitely considered that iron when in the ft. 
which afterwards was known as y-form, above the Ar 3 point, was hard and 
brittle of itself at the ordinary temperature, but subsequently they asserted 
that y-iron was really soft under all conditions of its existence i.e., whether 
in a stable or unstable condition. 

The hardening of steel by quenching was then attributed to the iron 
as it existed between the Ar 3 and Ar 2 points, which was first regarded as a 
mixture of a- and y-iron, but later became known as /?-iron. In 1893 Metcalf 
and Langley 1 concisely expressed the views of the " carbonist " theory of 
hardening. In this theory no special point is made of the fact that iron can 
exist in different allotropic forms. Their statement was to the elect that 
hardening is due to the enforced solution of the carbon in iron by sudden 
cooling, the hardness being a direct function of the rapidity of cooling. 
Hardening is accompanied by great internal stresses. The molecular strains 
set up produce hardening in a similar manner to that of cold working. Carbon 
alters the molecular aggregation, and the resulting strained grouping is- 
brought about within certain temperature limits. 

The controversy upon this question dates from the time of Roberts- 
Austen's first report to the Alloys Research Committee, 2 when Arnold and 
'Hadfield opposed Osmond's theory, which was . supported by the author 
' of the report. Since that date the discussion has proceeded at very frequent 
intervals, and has been taken up by almost all metallographists, until it has 
become practically impossible to refer in detail to every publication. In 
justice to those who have interested themselves in this matter, it should, 
however, be remembered that, whether their contributions have been con- 
structive or otherwise, they have served a useful purpose, and in some degree 
assisted in building up a sound theoretical explanation of the phenomena, 
now under review. At the present time there are good grounds for thinking 
that only very slight differences of opinion exist, and even those are not of 
fundamental importance. 

There are undoubtedly some reasons for considering that iron in the 
jS condition (that is, when at temperatures between the Ar 3 and Ar 2 critical 
points) is somewhat harder than a-iron at a temperature just below the Ar 2 - 
point. a That alone, however, is not sufficient proof, and is indeed only a. 
favourable circumstance in support of the view that quenched steels owe their 
increased hardness to /?-iron. For the /?-iron theory as applied to the har- 
dening properties of steel, it is, -afeove everything else, necessary to prove 
that j8-iion exists in quenched steels, or to establish upon scientific grounds. 
that that variety of iron can reasonably be expected to exist therein. 

This necessity is not confined to any particular steel or group of steels r 
but extends throughout the whole range, and especially to those containing 
about 0-9 per cent, of carbon, as they possess the power of hardening in the 
highest degree. It is from this particular aspect of the problem that the 
allotropic theory should first be judged. 

In order satisfactorily to ascertain whether /S-iron can exist in a quenched 

1 Trans. Amer. Soc. Civil Engs., vol. xxvii., p. 382. 

2 Proc. Inst. MecTl. Engs., 1893, p. 543. 

3 Rosenhain and Humfrey, Journ. Iron and Steel Inat. f No. 1, 1913, 
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steel, it is necessary to consider the physical changes through which steels 
pass on cooling, and the precise effect of carbon upon the allotropic inversion 
'X<_/? and /5^a that occur in pure iron. In discussing the constitutional 
changes that occur in carbon steels (Chapter IV.), it was shown that the addition 
of carbon to iron progressively lowers the Ar s change, and when 045 per cent, 
of carbon is present, the Ar 3 change is coincident with, or to be more correct, 
commences at the same temperature as the Ar 2 change in pure iron. A steel 
containing about 0-20 per cent, of carbon on cooling from about 950 C. 
(at which it is a homogeneous solid solution of carbon in y-iron) to 840 C., 
begins to deposit from solution a certain amount of iron which is in the 
/? condition. As this /8-iron can hold little or no carbon in solution, the 
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solid solution from which it was deposited becomes relatively richer in carbon, 
from whence it follows that the temperature of the mass mast fall somewhat 
before any more /3-iron can be deposited from what may be termed the 
secondary solution. In steels, therefore, this transformation from the y . 
solid solution is a progressive one ; it is not completed at one temperature, 
but occurs within a range. This gradual formation of /S-iron proceeds with 
falling temperature, and the remaining y solid solution becomes constantly 
relatively richer in carbon, until the temperature of the line be, fig. 146, 
is reached, when the composition of the solid solution corresponds with the 
point c. At this temperature viz., 760 C. the /?-iron behaves in precisely 
the same manner in steels as it would in pure wrought iron, and changes 
bodily into a-iron. That being the case, at the temperature of the line "b c 
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there will be three phases or constituents co-existing namely, pure p-iro 
a-iron, and the y solid solution of the composition represented by the point; 
Under these conditions there is what in physico-chemical terms is kno-v 
as no degree of freedom that is, the three phases can exist together on 
at that particular temperature. From the fact that /?-iron changes in 
a at the temperature of the line I c, it is clear that /S-iron cannot exist as 
stable phase below that line, and the iron which subsequently separat 
from the y solid solution must be in the a condition. The composition, 
the solution then alters in the direction of the line c e, until it contains 0*89 p 
cent, of carbon at the temperature d ef } when the y-iron changes bodi 
into a with the immediate separation of carbon as carbide of iron. It wi 
therefore, be readily seen that at no stage in the cooling of steels contain.ii 
more than 045 per cent, of carbon does the ft variety of iron enter in 
their constitution. 

" From the diagram (fig. 146) it is possible to predict the phase or pheTs 
i.e., the physico-chemical constitution of any carbon steel within the liinj 
of temperature indicated, and also the condition it would be in after perfe 
" ideal " quenching from any particular temperature. For example, * 
steels so quenched from within the area I will consist of a homogeneo 
solid solution of carbide of iron in y-iron. Steels containing up to 045 p 
cent, of carbon when quenched from temperatures inside the area II wou 
consist of the y solid solution + /J-iron. Steels containing up to 0-89 p 
cent, of carbon, when quenched from temperatures inside III, would consj 
of the y solution + a-iron. All steels, if quenched from below d ef, wo^u 
consist of a-iron + carbide of iron. It is, therefore, evident that the 
variety of iron can exist on cooling only in those steels which contain. lc 
than 045 per cent, of carbon. /?-iron does not enter into the constitute 
of those steels containing more carbon when they are slowly cooled, aa 
there are no scientific reasons for supposing that it does even as a me 
transition product, when they are rapidly cooled by quenching. This co 
elusion, so far as it affects the ft theory, is not influenced in the least degr 
by modifying the physical interpretation of the thermal transformatix 
Ar 2 of pure iron. Whether the Ar 2 be merely the end or the lower limit 
the Ar 3 change, as Osmond originally considered possible, and as Benedict 
has again recently suggested, is a matter that has no direct bearing upon tt 
particular question. Whatever the physical condition possessed by ir< 
when at temperatures between the Ar 3 and Ar 2 , that particular conditi< 
does not, for the reasons stated above, enter into the question of the co, 
stitution of steels with more than 045 per cent, of carbon. 

If it be assumed, or at some future time found, that /3-iron will dissol" 
some carbon, it would make no fundamental difference to these conclusior 
The only difference such a discovery would make would be of a qualitati" 
nature viz., the temperature of the line b c (fig. 146) would be a little low 
It must, however, be remembered that for physico-chemical reasons tl 

y J/3 inversion cannot be lowered to such an extent as to be coincide] 

with the Ar x or carbide change point, since there would then be four phas 
in equilibrium at the eutectoid point namely, a, ft, and the y solid solufcio 
along with carbide of iron, Fe 3 C. 

From this, it is therefore evident that there are very strong theoretic 
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reasons for considering that /3-iron should not be regarded as the cause of 
hardening. This is, so far as we can judge from our present knowledge of 
the subject, the only conclusion to arrive at, and it follows that the /?-iron 
theory, as applied in this connection (which attributes the hardness of 
quenched steels to the presence in them of /3-iron i.e., the form in which 
it exists in wrought iron when between the Ar 3 and Ar 2 points) cannot be 
logically supported by known scientific facts or laws. 

In regard to the influence on hardening of the two remaining forms of 
iron, a and y, one only, y, need be seriously considered, a-iron may be 
dismissed, because it is known to be relatively soft at all temperatures at 
which it can exist above C., and further, it has never been suggested 
that this form of iron really enters into the question. The third form of 
y-iron never exists in the pure state in steels. Hence, at the present time, 
it is perfectly legitimate to say that neither a, /?, or y iron can, as such, be 
the cause of the hardness that occurs when carbon steels are quenched from 
above the critical points. 

It is, however, necessary bo determine how much, if anything, depends 
upon the fact that iron is capable of existing in different physical conditions. 
In the a form iron is not hard enough to be used by engineers for cutting 
purposes, while there is no reason for supposing that jS-iron can exist in 
hardened steels. There can, therefore, be very little doubt that in some 
way hardening is due to the fact that y-iron will hold carbide of iron in 
solution, and that under ordinary conditions of slow cooling that solution 
decomposes into a-iron and carbide of iron with the evolution of a consider- 
able amount of heat. Although this generalisation, so far as it goes, is quite 
satisfactory, and is practically accepted by all metallographists, it is clearly 
not su IHdent. At this stage it should be mentioned that the true solution 
of this question, whatever it may ultimately prove to be, in regard to'ordinary 
carbon steels, must also form the foundation of the _ theory of hardening 
tool steels in general, and, consequently, must be consistent with the ascer- 
tainablo physical data of those steels which contain elements other than 
iron and carbon. 

An attempt to carry the above generalisation a step further was made 
by the author l some years ago, and is summarised as follows : 

1st. The hardness of carbon-steel tools is due to the retention, by 
quenching, of the solid solution of carbide of iron in iron. 

2nd. Whilst this property depends upon the fact that iron can exist 
in the y statethat is, dissolved carbon it is none the less dependent 
upon the fact that this solution decomposes with slow rates of cooling into 
a-iron and carbide of iron, and that some energy must be absorbed in the 
specimen during the quenching process, in order to overcome the tendency 
for this Arj inversion to take place. This energy is brought to bear in two 
W ays(a) by the sudden contraction of the outer envelope of the specimen, 
and (6) by an internal molecular contraction of the mass, which is related 
with the solution or osmotic pressure of the dissolved carbide. 

It was pointed out in the context that these conclusions have the advan- 
tage of being applicable to alloys which contain no iron, but which are capable 
of bein<>' hardened in the same way as steel. 

According to this explanation, it follows that the degree of hardness 
1 Iron and tiied Inst., vol. ii., 1910. 
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produced by quenching any carbon steel will depend upon the velocity 
and thermal magnitude of the suppressed inversion, or, in other words, witk 
the amount of energy it is necessary to absorb, in preventing the inversion 
from taking place. 

In this way the fact, which was first demonstrated by Osmond, that the 
so-called austenitic areas of quenched carbon steels are slightly softer than 
the martensitic areas in the same specimen can be satisfactorily explained. 
For, as can be readily seen from the lines a, c, e, g in fig. 146, the osmotic 
or solution pressure, the intensity of which they graphically indicate, increases. 
as the percentage of carbon increases from 0-0 to 0-89, and then rapidly 
decreases as the amount of carbon is raised to about 2-0 per cent. It should 
perhaps te mentioned here that as the osmotic pressure of solution increases- 
the freezing point of a liquid is lowered, as is also the temperature at which 
a solid solution deposits one of its constituents. Hence the maximum osmotic 
pressure in liquid solutions is found in the mixture corresponding with the 
eutectic composition, and in the analogous or eutectoid proportions in solid 
solutions. 

With regard to the velocity and thermal magnitude of the critical points, 
it is well known from cooling curve data that the maximum effect, in both 
these directions, is also found in the eutectoid steel containing -89 per cent, 
of carbon. Thus, in steels containing less than 0-89 of carbon the thermal 
changes are spread over a wider range of temperature, and the same applies 
to those steels which contain more than 0-89 of carbon, with the addition 
that in the latter instance the thermal effect of the separation of the excess 
cementite is very weak, and can scarcely be detected pyrometrically. It 
is, therefore, evident that the maximum combined physical effect of iron 
and carbon is met with in steels containing 0-89 per cent, of carbon, and 
since there is no doubt that the hardening is directly connected with the 
osmotic pressure, and thermal critical points, etc., it is natural that the 
maximum degree of hardness should be obtained by quenching steels of that 
composition, and that the so-called austenite should be a little softer than 
martensite. 

Our knowledge of this subject has been materially widened by the publi- 
cation of a very important paper by Grenet. 1 Following entirely different 
lines of thought, Grenet had arrived at almost exactly the same conclusions 
as those cited in the author's paper. There are, however, one or two differ- 
ences that are of fundamental importance, and should be very carefully 
studied. Grenet considers that quenching as compared with slow cooling 
may act as follows : 

(a) By changing the nature of the constituents and, notably, by pre- 
venting wholly or partly the transformation on cooling. In this case, which 
is rare, so far that is, as steels are concerned the quenched state and 
annealed state are physico- chemically different states, and their properties 
cannot be foreseen. It may, however, be said that in the few instances in 
which such quenching is known the quenched state is often softer than the 
annealed state 

(6) Quenching may also act by lowering the temperature of the trans- 
formation on cooling. In this, which is the most usual case, the quenched 
metal is always harder than the annealed metal. 

1 Journ. Iron and Steel Inst.* No. 2, 1911. 
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Grenet considers that the increased hardness produced by quenching 
steels, and alloys in general, is due, not to the suppression of an inversion, 
but to the drawing out or lowering of the temperature at which it takes place. 
Thus, he states that : C An alloy is the harder in proportion as the trans- 
formation which has given birth to its constituents at the time has taken 
place at a lower temperature, has been more rapid, and as the maximum 
temperature reached since the last transformation has been at a lower 
temperature, and has been maintained for a shorter period of time." . . . 
" We are thus led to the conclusion that hardness produced by quenching 
is due solely to the fineness of the structure." 

These conclusions' are both interesting and valuable ; in some respects 
they constitute a definite step in the right direction, but in others they appear 
to be based upon certain assumptions that are doubtful, and are also at 
variance with certain accepted data which have a direct bearing upon the 
question. 

The statement that, by rapidly quenching carbon steels, the Ar x inversion 
is not ^suppressed is quite contrary to actual experimental facts, for, as 
was originally shown by Osmond, cooling curves of steel specimens taken 
during the quenching period showed no signs of heat evolutions so long as 
the quenching was properly conducted, and the steel was thereby hardened. 
The same investigator also demonstrated by two other methods that the 
inversion or evolution of heat is suppressed by quenching. 

( 1 ) By dissolving in equal volumes of a saturated solution of the double 
chloride of copper and ammonia, equal weights (1-5 grammes) of different 
steels, successively annealed and hardened, and measuring the quantity 
of heat liberated in each case by the reaction 

2CuCl 2 + Fe = 2CuCl + FeCl 2 . 

The rises in temperature, after all corrections were made, were found 
to be as follows : 

Annealed. Hardened. 

Medium steel 2-366 2-477 

Hard steol, . . . . . . 2-148 2-309 

Showing that the hardened metal contains an excess of heat in comparison 
with the same metal when annealed. 

(2) He also took heating curves of hardened steel, and found that the 
liberation of the latent heat of hardening is rendered evident by characteristic 
accelerations in the progress of the heating. 

Thus, these facts clearly demonstrate that it is incorrect to say that 
the inversion is complete after rapid quenching and hardening, for they show 
that at least some of the inversion is suppressed. On the other hand, however, 
it must be admitted that there is no direct thermal evidence which definitely 
proves that the inversion is entirely suppressed when steels are rapidly 
quenched. 

Since the conclusion w.hich Grenet came to in regard to the hardness 
being due solely to the fineness of structure is, in the sense he referred to 
it, dependent upon the transformation having taken place, it does not appear 
to be correct (1st) because the transformation is certainly not complete, 
and (2nd) what evidence we possess on this aspect of the -question strongly 
suggests, if it does not actually prove, that the suppression is complete* 
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The fineness of structure, as Grenet uses the term, does not refer to the 
molecular constitution, but to the crystalline dimensions of the decomposition 
products resulting from the inversion i.e., to the cernentite and ferrite 
which he considers are formed under the conditions of cooling obtained on 
quenching. 

This idea of the hardness being associated with fineness of structure, 
though from quite a different standpoint to that taken by Grenet, has been 
.advocated in a good many instances by Beilby, notably in the passage already 
quoted in the chapter relating to Deformation and Strain-hardening. 

According to this theory, hardening results from the formation at all 
the internal surfaces of slip or shear of mobile layers similar to those pro- 
duced on the outer surface of polishing. These layers only retain their 
mobility for a very brief period, and then solidify in a vitreous, amorphous 
-state, thus forming a cementing material at all surfaces of slip or shear 
throughout the mass. Beilby uses the terms amorphous and vitreous in the 
following sense : Amorphous = non- crystalline, or the state in which the 
molecules are not marshalled in crystalline order and orientation. The 
.addition of the term vitreous is intended to narrow the somewhat wide field 
covered by the term amorphous, as Beilby uses the combined terms " vitreous 
amorphous " for substances which in some degree resemble the glass-like 
form assumed by the silicates when they are solidified from the molten 
.state. In recent years Beilby 's work has attracted a great deal of attention 
from metallograpnists, and has been made use of to explain many phenomena 
of a widely different nature. Thus, Osmond says l : " When two grains 
possessing different orientation touched one another, their respective recti- 
cular systems could not interlock, and there were strong reasons for the belief 
that there existed between the two grains a sort of amorphous envelope, 
the average thickness of which was of the same order of thickness as the 
crystalline molecule. If it was assumed, which it was admissible to do, 
that in the case of a hardened steel the average diameter of the actual grain 
invisible under the microscope was also of the same order of size, the idea 
might be entertained that in the hardened steel the iron might be amor- 
phous. That would correspond to Beilby's ' Hard Iron.' " 

Logically to apply Beilby's theory of hardening metals by cold working 
to the question of hardening metals by quenching from moderately high 
temperatures, it is, however, necessary to show that during the very short 
period of the quenching process the mass undergoes some internal movement 
on the surfaces of slip, or gliding planes. In the case of certain copper- 
. aluminium alloys which possess almost the same physical characteristics 
.as carbon steels, both as regards their constitution and the power of hardening 
by quenching, it was first shown by the author 2 that during quenching 
the crystals are subjected to internal slip on the cleavage planes, which 
produces prolific crystal twinning. This crystal twinning is not like the 
crystal twinning which is so often seen in annealed metallic specimens, where 
there are only one or two narrow strips or twins in each grain, for in quenching 
these alloys the number of twin formations are really too numerous to be 
counted (see photo-micrographs JSTos. 67 and 68, which were taken from 
Tthe same area after rotating the specimen through an angle of about ISO , 

1 Discussion on Grenet 's paper. 

2 Zeitschrift filr Metallographie, 1913. 
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with the use of oblique light). In a similar manner it has been shown by 
Carpenter and the author that exactly the same effect is produced during 
the quenching of carbon steels. The twinning effect produced in steels is 
illustrated in the photo-micrographs Nos, 72 to 74:. 

Incidentally, it is worth noting that the microstructures of the copper- 
aluminium alloys mentioned above, and also of the carbon steels, indicate 
that when they are properly quenched from above the temperature at which 
the solid solutions break up into their constituents, they are constitutionally 
homogeneous. From this, along with the thermal evidence, it is quite 
reasonable to conclude that the inversion is entirely suppressed, and the 
solid solution which exists at high temperatures is preserved at the ordinary 
temperature by quenching. Hence the following account is the theory of 
hardening advanced by the author and jointly extended with Professor 
Carpenter. 

The fact that twinning of the crystals is brought about by quenching 
these alloys conclusively proves that intercrystallme motion or slipping 
occurs. Since this has been established, it becomes possible to extend the 
theories that have been formulated by Dr. Beiiby, and which are now 
generally accepted, for the hardening of metals by cold working to the 
hardening that is produced by quenching steels and certain other alloys. 
The only condition it is necessary to suppose, and there are indeed very 
good reasons for the supposition, is that the hard amorphous, vitreous layers 
that arc formed on the cleavage planes during the internal slipping or 
twinning are retained by quick cooling. Dr. Beilby has shown that when 
metals containing these amorphous layers are heated, the latter return to 
the more stable crystalline form- that is, they rocrystalliso and that the 
temperature at which this occurs varies with the particular metal or metallic 
alloy. Hence, if the rate of cooling is sufficiently quick, the temperature 
of the mass will be lowered below that at which recrystallisation takes place, 
the vitreous amorphous layers formed on the cleavage planes will be pre- 
served and hardening will result ; it would then follow that the final cause 
of the hardening which is produced by quenching is exactly the same as 
when metals arc hardened by deformation by cold working. In the case of 
carbon steels and other alloys of a similar nature the actual strains that are 
sot up in the mass, when they are quenched, and which give rise to twinning 
or slipping on the cleavage surfaces, arc brought into action during the 
brief period the mass is cooling. Hence, whilst the metal is undergoing 
intercrystalline nlip and the amorphous layers are being formed, the chances 
for these layers to rocrystalliso become less and less as the cooling proceeds, 
or it may be that a large proportion of the slipping which undoubtedly 
occurs, actually takes place at a moderately low temperature, and below 
that at which the amorphous layers are able to recrystallise. It is, however, 
necessary to consider if this idea is in keeping with known facts. 

1st. The theory is applicable to all alloys, whether they contain iron 
or not, which can be hardened by quenching. 

2nd. By making use of Dr. Beilby 's excellent work and theories, the 
hardening which follows the cold working of metals, and that which is pro- 
duced by quenching certain alloys, is due to the formation of amorphous 
layers on the cleavage planes. In both cases these layers are produced by 
intercrystalline movement or slip. The precise agencies, by means of which 
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the intercrystalline slipping is brought about, are, however, somewhat 
different in the two cases. 

3rd. It agreed with one of Osmond's latest statements on this question, 
vj z . : " if it were assumed, which it was admissible to do, that in the mm 
of a hardened steel the average diameter of the actual grain- invisible under 
the microscope was also of the same order of size (as the crystalline mole- 
cule), the idea might be entertained that in hardened steel the iron might 
be amorphous. That would correspond to Dr. Jtailby's " hard iron.* " 

4th. In some respects it resembles Grenet's idea in regard to u fmencflH 
of structure," being the cause of hardening. The only difference being that 
in this case the fineness is regarded as a molecular fineness of one constituent 
only, whereas Grenet refeis'to it as meaning a crystalline fineness of two 
or more constituents. 

5th. Properly quenched carbon stools, when carefully examined under 
the microscope, show twinning of the crystals in a most pronounced degree, 
Since it has been definitely proved by Dr, Beilby that the hardening of 
metals which is produced by straining at moderately low temperature* 
is due to the formation of amorphous layers at the surfaces of slip, it follows 
that the twinning produced by quenching also gives rie to similar amorphous 
layers. The fact that crystal twinning is preserved at tho ordinary tem- 
perature after quenching is a strong indication that them* layers uro ako 
retained, and it is this cement which prevents the twin crystals ru-unitm;; 
again. 

6th. So far as can be judged from the present state of our knowledge, 
there is only one property of quenched steels which does not support this 
view viz., all carbon steels are magnetic, no matter haw energetically they 
are quenched from any high temperature. This is a very important fact, 
and should not be overlooked ; nevertheless, then* are now many metal 
lurgists who are of the opinion that the magnetic properties are not definitely 
and entirely associated with ct-iron. It is, for example, nuito reasonable 
to suppose that the above-mentioned amorphous layers, which in quenched 
steel should be regarded as y-iron, ar magnetic; or that y iron when in 
the molecular condition is magnetic. 

It should perhaps be pointed out at this stage that the degree of ItardnoM 
is not considered to depend entirely upon the amount of crystal twinning, 
but more upon the nature of the amorphous layers that ara produced thereby, 
as well as certain other factors, which will have to be considered later. AH 
regards the effect of twinning per se, the fact that mild steels containing, 
say, 0-20 per cent, of carbon when effectively quenched from tt*m]H*ratunft 
above 900 C. are seen to be a mass of twinned crystals, but are, mwurthelesft, 
very soft in comparison with quenched specimens containing (KM) per cent, 
of carbon, seems to indicate that the degree of hardness is not govurnet! 
entirely by the amount of twinning that in produced, 

This is really not surprising when the experimental facts that have been 
established by ])r. Boilby are taken into account. lie has shown that the 
amorphous layers which are produced by cold working different 

properties in different metals, and it is safe to say that the properties, such 
as hardness, etc., of the amorphous layers produced in metallic alloys will 
very largely depend upon the chemical composition of the alloy** ami mole- 
cular constitution of the layers. 
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Moreover, the internal molecular or osmotic pressure of carbon steels 
at temperatures below the solidus and. within the y range increases as the 
percentage of carbon is raised to 0-90, the temperature at which the y solid 
solution can exist in a stable condition is thereby lowered, and the range 
of temperature through which the amorphous layers have to be cooled is, 
in consequence, considerably lowered and narrowed. .It is, therefore, only 
natural to assume that the thickness of the amorphous layers will increase 
as the carbon is raised to 0-90 per cent., because the range of temperature 
through which they may be recrystallising is both lower and less. With 
higher percentages of carbon than 0-90 exactly the reverse phenomena set 
in viz., the osmotic pressure decreases and the possibility of the amorphous 
layers recrystallising is greater. 

In regard to the nature of the amorphous layers themselves, there are 
two points to be considered : 

First. Molecular packing, 'and second, the chemical composition of the 
amorphous layers. 

It has already been mentioned that whatever theoretical explanation is' 
given for the hardening of pure carbon steels by quenching, to be of any 
real value, it must also be consistent with the physical data and hardening 
properties of the so-called special steels. Hence, before making any definite 
conclusions from the knowledge we now have, and the opinions that have 
been expressed upon this subject, it is necessary and advantageous at this 
stage to draw attention to some of the more important characteristics of 
the special steels. 

The term special steel is usually applied to those steels which contain, 
in addition to carbon, notable quantities of such elements as nickel, chromium, 
tungsten, manganese, molybdenum, etc. Broadly speaking, the effect of 
the presence of the elements just mentioned, upon the critical points as they 
appear in pure iron and iron-carbon steels, is to retard the tendency for the 
transformation, from the y solid solution into a-iron and carbide, to take 
place. In certain cases the tendency in this direction, which may be con- 
veniently regarded as a kind of automatic brake, is sufficient when the steels 
are even slowly cooled from moderately high temperatures to completely 
obstruct all the critical points or ranges. Thus, without giving a description 
in this chapter of the new carbides that are formed in these steels, it can be 
safely asserted that the combined action of chromium and tungsten of 
chromium and molybdenum along with carbon, and of nickel or of manganese 
along with carbon, is such that the operation of rapid cooling by quenching, 
which is necessary to suppress the critical points that occur when carbon 
steels are slowly cooled, can be dispensed with. 

When the critical points have been suppressed by the addition of any 
of these metals, the steels are in what is known as the austenitic condition, 
and their microstructure partakes of polygonal crystals, as illustrated in 
fig. 168. There is, however, no doubt that the general properties of the 
different classes vary within very wide limits. For example, Sir R. Had- 
field's manganese" steel is practically non-magnetic at the ordinary tempera- 
ture, and so extremely hard under the tool that it cannot be machined, but 
the hardness of the same material, according to the Brinell ball test, is only 
about 200 as compared with that of 700 to 850 for hardened carbon steel. 
Nickel steel containing about 25 per cent, of nickel is also non-magnetic, 



176 THE PHYSICO-CHEMICAL PKOPERTIES OF STEEL. 

but is relatively soft by whatever method it is tested. In the case of the 
chromium-tungsten and chromium-molybdenum high-speed cut-ting steels, 
when cooled from very high temperatures, after which they are in the ao~ 
called austenitic condition, "they are rather strongly magnetic and very hard. 
At this stage it should perhaps be mentioned that there are some misleading 
statements in the literature on high-speed steels, to the effect that at their 
hardest these steels are relatively soft. In certain cases, this may be the case ; 
they are perhaps not quite so hard as the hardest quenched carbon steels, 
but the difference in this respect is very slight, and many of the brands upon 
the market are not inferior, in their degree of hardness, to carbon stools, at 
least when tested by BrinelFs method. It is, however, quite well known 
that the relative hardnesses of different metals are not the same when tented 
by different methods, and some of the causes for those variations will bo 
discussed. 

For the time being it may be safely asserted that from the physico- 
chemical point of view the principal difference between the pure carbon 
steels and the so-called special steels which come under the claws just now 
referred to, is that with the former the suppression of the carbide change, 
or separation, can only bo brought about by external agencies, such as very 
rapid quenching from high temperatures, whilst in the latter Hteels the 
special elements present give rise to the formation of new carbides, which, 
no doubt, owing to their higher molecular volume, or molecular weight, 
exert a greater osmotic pressure when in the y-iron solution, and lower the 
temperature at which the carbonas carbide separates from solution, 
and also decrease the velocity of the change. In other words, the action 
of these added elements is such that rapid quenching can be dispensed with, 
and the resulting steels are in the same physico-chemical nttite an rapidly 
quenched carbon steels, the only difference being that in the former the 
crystals are unstrained and not twinned, whilst in the latter pronounced 
twinning is produced by the quenching. 

u In both cases the thermal or carbide change is inhibited by pre&Hurc, 
but when this is brought about by external means crystal twhming occurs, 
whereas when all the necessary pressure is already inherent in the mass 
no internal crystalline disturbance occurs, because the crystal and molecular 
units are not thereby interfered with. That in to say, when quenching is 
necessary intercrystalline movement takes place, and hardening "w brought 
about in the same manner as the hardening by cold working. When the 
pressure already exists as osmotic pressure, all the internal molecular and 
crystal units are subjected to the same pressure at any given moment, awl 
no internal dislocation occurs. Under these latter conditions the only 
hardening, if any, that is produced, is due to the larger quantity and nature 
of the added elements which are held in solution by the y-iron, just in the 
same way that a steel containing, say, (H) per cent, of carbon is harder than 
one with 0-2 per cent, when both are at a temperature of U(K)" ( V l 

From the above it will be evident that the amount of twinning produced 
by the suppression of the inversion will, broadly speaking, be proportional 
to the amount of the inversion which has to be suppressed by the external 
quenching, or inversely proportional to the osmotic pressure of the special 

1 Carpenter and Edwards, loc. fit. 



THEORIES OP HARDENING STEELS. 177 

elements present. Hence twinning is entirely absent when the necessary 
pressure is supplied by sufficient nickel or manganese. 

AB regards the statement that the amount of twinning will be proportional 
to the amount of the inversion which has to be suppressed by external means, 
such as quenching, or inversely proportional to the retarding influence of 
the special elements present, it should be noted that it is difficult to define 
exactly the term tk quenching." For example, a given rate of quenching, 
which might be regarded as slow for carbon steel, might legitimately be 
regarded as rapid quenching for a special alloy steel. The following facts will, 
no doubt, make this point much more intelligible. If two samples of steel 
of about a cubic inch in volume, and having the following composition : 

Carbon Steel Carbon -chromium Steel. 

0*9 per cent, carbon. -63 per cent, of carbon. 

6*00 chromium 

are placed in a furnace at about 1,000 C., and then allowed to cool in the 
furnace over a period of, say, two hours, they will both be found to be quite 
soft. If, however, they are taken out of the furnace and allowed to cool in 
air, taking about half-an-hour to reach the ordinary temperature, the carbon 
steal will bo very slightly harder than when cooled in the furnace, whereas 
the chromium steel will be very much harder. The actual figures for the 
chromium steel are; 

Cooled in furnace, . . .281 Brinell hardness. 
air, 642 

Mr. J. C. W. liumfrey, who has carefully considered the question under 
discussion, also concludes that the hardening of steel, etc., by quenching 
is directly due to the formation of the amorphous phase. 1 The only difference 
between Humfrey's views and those advanced by Carpenter and the author 
relates to the manner in which the amorphous phase is brought into existence. 
Thus lie saye : " An allotropic change must be considered as being essen- 
tially accompanied by a change in the internal structure of the molecules 
&</., a re-organisation of the atoms composing them or a change in their 
number. Tims, we have the two gaseous allotropes of oxygen, the common 
gas in which each molecule contains two atoms, and ozone in which each 
molecule contains three atoms. When an allotropic change takes place in 
a crystalline body we must imagine a similar internal re-arrangement of 
the atoms in each molecule ; and, if the new form which the molecules take 
involves a corresponding change in the external forces which they exert 
upon one another, then the previously existing space lattice may become 
unstable, and a fresh one may be formed characteristic of some other crystal 
form. But before the re-organisation can be completed there must, at least 
temporarily, bo a state of disorder, and it is during this disorder that the 
author (Mr. Humfroy) considers that the structure must be considered as 
amorphous. The intermediate amorphous state may be realised as corre- 
sponding to the liquid which would be formed by the fusion of the solid 
phase stable at the lower temperatures if the conditions could be so adjusted 
that the subsequent recrystallisation were avoided." He considers that 

1 Proceedings of the Faraday Society, 1914. 

12 
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this condition is obtained when carbon steels are quenched, by lowering 
the temperature of the inversion below that at which the amorphous phase 
formed as a first step in the change can recrystallise into ct-iron. In special 
steels the same effect is produced without rapid quenching by the added 
elements lowering the temperature of the change. 

It will be noticed that there is exceedingly little difference between this 
theory and the one previously considered. In both cases the hardness is 
considered to be due to the amorphous phase, but in one this is supposed 
to be spontaneously formed, whilst in the other the internal straining as 
revealed by crystal twinning and caused by the quenching stresses are sup- 
posed to be the cause of the formation of the amorphous phase. 

It should be noted that there is some difficulty in understanding how 
the amorphous phase which must be regarded as the same physico-chemical 
state as the liquid can possibly come into existence spontaneously at a tem- 
perature much below the liquefying point. It must be remembered that 
& change from the crystalline into the amorphous or liquid variety necessarily 
involves an absorption of energy, and it scarcely seems possible that an 
undisturbed mass which is cooling and, therefore, freely parting with energy, 
in the form of heat, can at the same time absorb from its surroundings the 
energy that is necessary to convert it into the amorphous state. 

Another paper which should be carefully studied is that by Mr. Andrew 
M'Cance. 1 His chief conclusion is that : " In a quenched and uniformly 
hardened steel the carbon is in the state of solution, and it retains a portion 
of the iron in the y condition the proportion increases very rapidly with 
the carbon content. The majority of the iron is, however, in the a condition, 
but, owing to the restricted mobility during the period of quenching, the 
crystalline units are not homogeneously oriented, and the hardness of quenched 
steels is due to this condition, which is similar to that of ' interstrain/ The 
hardness is interstrain hardness." 

It is an exceedingly difficult matter to decide the exact difference between 
this view and those just considered. Perhaps the most important is that 
Mr. M'Cance considers that crystallised a-iron is the chief cause of hardness, 
whereas in the others the hardness is attributed to amorphous iron plus 
amorphous carbide. In all, it should be noted that the hardness is retained 
as a result of what Mr. M'Cance describes as a state of interstrain. 

Mr. J. H. Andrew 2 has recently published a paper on this subject, and 
arrives at practically the same conclusion as M. Grenet. 

1 Journ. Iron and Steel Inst., 1914, No, 1. 

2 Zeitschrift fur Metallograyhie, 1914. 
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CHAPTER XVI. 
INFLUENCE OF INITIAL TEMPERATUEE AND RATE OF COOLING. 

THK so-called u special alloy steels " are those steels which contain notable 
quantities of one or more elements than iron and carbon. These elements 
are intentionally added to the steel in order to modify its physical, mechanical, 
or chemical properties, and thus render it more suitable for a specific purpose. 
It is true that even in what are generally regarded as ordinary carbon steels 
varying percentages of manganese are invariably used, but, broadly speaking, 
the object of lining that element in such cases is more to reduce any oxide 
of iron which may be contained in the liquid steel, and to neutralise the effect 
of sulphur by forming manganese sulphide, than to impart any special pro- 
perty to the inaBB. 

It is well known that the properties of carbon steels may be modified 
simply by varying the rate at which they are cooled from moderately high 
temperatures. Thus, a pure carbon steel may be made as hard as glass 
and exceedingly brittle by quenching in cold water from about 900 C., or 
quite malleable and ductile by allowing it to cool slowly from the same tern- : 
perature. Almost any stage between these two extremes of brittleness and 
ductility can be obtained by controlling the rate of cooling, providing the 
mass be suflieiently small. This variation in the mechanical properties 
is clue to differences in the internal structure of the material. An increased 
rate of cooling has the effect of lowering the temperature at which the carbide 
or Ar t change occurs, and by lowering the temperature of this inversion 
the carbide has less opportunity to develop or coalesce. Hence the pro- 
perties of a carbon steel containing, say, 0-9 per cent, of carbon may be 
modified within wide limits as a result of the carbide possessing different 
-degrees of fine ness. 

With carbon steels it is only possible to bring about the necessary 
variations in the rates of cooling when the mass of steel is small. In other 
words, these very remarkable differences in the properties are produced 
by comparatively slight differences in the cooling rates. For example, the 
steel is hard and brittle if the time taken in cooling from 900 C. be only a 
few seconds, but malleable if the time taken be, for example, ten minutes 
or even less. Hence, it is obviously impossible to bring about a marked 
change of hardness and tensile strength throughout the mass of a large 
carbon steel forging by hastening the cooling. This difficulty can be com- 
pletely overcome by the addition of such elements as nickel and manganese, 
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which may be regarded as producing an effect of the same order as quenching. 
They lower the temperature of the carbide change, and thus influence the 
physical and mechanical properties of alloy steels in a manner similar to 
that of quenching. By varying the percentage of nickel or manganese, 
the temperature of the carbide change can be lowered to any degree down 
to the ordinary temperature, and consequently steels with almost any desired 
properties can be readily obtained. There is one great advantage in the use 
of these special alloy steels namely, that their properties are modified from 
within, and, therefore, practically the same quenching effects are obtained 
all through large masses of the materials. 

Concerning carbon steels and ti.e influence of initial temperature and 
varying rates of cooling, it must be admitted that the literature on this 
subject contains many unsatisfactory references to the time factor. Whilst, 
with regard to the rate of cooling, suck statements as " slow," " hastened," 
and "quick" may be convenient, they have no real meaning, and are 
absolutely unsatisfactory from a scientific standpoint. The same lack of 
precision is manifest in the descriptions of the thermal magnitude of, say, 
the carbide critical points, for these are frequently stated to be " large," 
" medium," or " small," without any indication as to whether such differences 
are real or only apparent. During the early stages in the development 
of physical metallurgy it was not surprising that such general but scientifically 
inexact terms should be used, but there are very definite indications that 
this will not continue in the future, and that more exact researches on the 
quantitative influence of time, etc., will lead to the discovery of important 
facts. 

The most important, and, indeed, almost the only published investi- 
gations dealing with the quantitative examination of the influence of initial 
temperature and varying rates of cooling of carbon steels are those by 
Benedicks 1 and Howe and Levy. 2 

Benedicks' work relates more particularly to the quenching velocities 
of varying quenching media, and the effect of different rates of cooling upon 
the critical points of steel. 

Messrs. Howe and Levy have made an extensive series of observations 
on the effect of cooling a steel with 0*92 per cent, of carbon from 800 C. 
and 900 C., at varying determined rates, upon (a) the temperature of the 
Ar x transformation and its magnitude, (6) the microstructure, and (c) the 
tensile properties. The more important facts they observed are contained 
in Tables XXVI. and XXVII., and the graph in Fig. 147. The chief con- 
clusions drawn from these data are fcriefly summarised as follows : 

(1) Hastening the cooling loweis the Ar x from its equilibrium position 
of about 725 C. at least to 625 C. if not to 530 C. 

(2) Eaising the maximum temperature from 800 to 900 C. lowers Aij 
slightly, about 5 C. 

(3) Hastening the cooling at first increases the degree of recalescence 
at Ar-^ but later lessens it, 

(4) The rate of cooling from 650 C. down does not affect the microstructure 
or the tensile properties unless the cooling as far as 650 has been at least 
relatively rapid. 

1 Journ. Iron and Steel Inst., 1908, ii., pp. 218 to 221. 

2 Ibid. 1916, vol ii., p. 210. 
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As indicating the remarkable ease with which the mechanical properties 
of carbon steel can be modified by carefully controlling the heating and 
cooling, it may be useful, briefly, to mention 1 the Sand berg Sorbitic Steel 
Co.'s method of treating tramway rails, in situ. The process consists in 
causing a flame to travel slowly along the surface of the rail under treatment. 
The speed at which the flame passes over the surface is so regulated as to 
cause the steel to be heated above the highest thermal change to the required 
depth. This heating is followed by the application of a stream of water 
to the heated surface. The operation is continuous, and the whole equipment 
is carried on a truck which runs on the tram track. The microstructure" 
corresponding with the three positions A, I), and C, Fig. 148, are shown in 
Figs. 149, 150, 151, and 152. 

With regard to the thermal magnitude of the carbide change as seen in an 
inverse rate curve, it is well known that the apparent size or intensity of this 
transformation is governed to a considerable extent by the rate of cooling. 
The effect is such as to give a smaller peak on the curve as the rate of cooling 



Brirxell Hardness 

A 600. 

B from 600 to 240. 

C 240. 



148. .Diagram of worn rail, showing position froxn which micrograph* 
wore taken. 




is increased. It is, however, very important to note that m moat i 
this apparent change in the arrest at the critical point docs not 
correspond with any alteration in the total quantity of heat that is evolved 
during the transformation. Other things being equal, the duration of an 
arrest, or the size of a critical point on a cooling curve is inversely propor- 
tional to the rate of cooling. From this it follows that whilst the critical 
point appears to progressively decrease in magnitude as the rate of cooling 

, , , ,, ,. duration of arrest . J . . A 

is accelerated, the ratio - -- = constant, BO IOIHT us the trans- 

rate B 

formation is the same and it takes place completely at approximately the 
same temperature. It may, therefore, prove quite misleading to describe 
a critical point as small on the one hand, or large on the other, unless the rate 
of cooling is duly taken into account. 

The study of the thermal magnitude of the carbide change with adequate 
reference to the rates of cooling might prove exceedingly interesting, more 
especially from the point of view of the constitution of special alloy steels. 

1 Engineering, April 5, 1018. 



SPECIAL STEELS. 



185 




Mg. 149. -Micrograph X 100 diameters showing sorbitic structures J" from surface 
of rail, corresponding to " A " in fig. 148. , 




100 diameters showing gradual change from sorbitic to 
peariiibio Rtrueturo\Y ^om surface of rail, corresponding to " B " in fig. 148. 



Fig. 150. -Micrograph X 
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Fig. J 51. Micrograph X 100 diameters showing normal pearlitic structure 
surface of rail, corresponding to " C " in fig. 148. 




Fig. 152. Fractured rail, enlarged five times, showing hardened portion'of 

rail head. J 
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In some of these steels it is quite possible that the thermal effect usually 
observed in taking cooling curves is merely the net result of two entirely 
different reactions. For example, the carbide which first comes out of 
solid solution and gives rise to an evolution of heat, may be an unstable 
compound, and the first stage in the reaction be immediately followed by 
the formation of a more stable carbide which absorbs heat during its for- 
mation. By making very careful determinations of the arrest periods 
obtained with known increasing rates of cooling and comparing the data 
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Nickel, 3-14. 
Fig. 153. 



Chromium, 1'61. 



aireSt 



, it should be possible to detect the presence 



thus found as 

of any such complication in the nature of the carbide .change as is indicated 
above Although the evidence is as yet incomplete the author Relieves 
that this kind of double transformation does occur in certain tungsten 
chromium steels. For, over one quite wide range of coolmg rates the above- 
mentioned ratio is quite constant, but after a certain -te of coohng is passed 
this ratio suddenly increases, then remains nearly constant at this higher 
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value before it decreases and is ultimately suppressed. If the data so far 
obtained can be supported by more carefully conducted experiments, it would 
mean that the net carbide change with slow cooling consists of two reactions, 
one of which is exothermic, and the other endothermie, and that the latter 
can be partly, if not completely, prevented with certain definite rates of 
cooling. 
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Fig. 154 Rate o; cooling at (JOG 11 0. 
a = 3 soc. per dogroo 0. 
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Many of the special alloy steels are far more sensitive to comparatively 
small variations in heat-treatment than carbon steels. Thus, the widely 
used nickel chromium steel containing approximately 'H) per rent, of nickel, 
1-5 per cent, of chromium, and *30 per cent, of carbon is extremely sensitive 
to small changes of temperature over a certain limited range. Cooling 
curves of a steel of this kind are shown in Figs. 153 and 154, With this 
lowest recorded initial temperature, 814 CX, it will be seen that there IB 
only one heat change on cooling at 037 C., if. however, the initial 



80O 



[To jjice p. 188. 



70O 



600 



500 






4OO 



3OO 



200 



10O 




SPECIAL STEELS. 



189 



temperature is raised 15 C. i.e., to 829 C. the evolution of heat at 
637 C. is considerably smaller and a second one at 440 C. appears. 
As the initial temperature is further raised the magnitude of the upper change 
decreases, whilst that of the lower one increases, until, when cooled from. 
about 874 C. or above, no evolution of heat occurs at the higher temperature. 
It will also be observed that with comparatively slow rates of cooling 
3 sec. per degree the initial temperature is practically without influence 
upon the temperature at which the low change takes place. It is only with 
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INITIAL TEMPERATURE c. 

Fig. 156 Effect of initial temperature on hardness with air cooling. 

the quickest rates of cooling that the temperature of the low change point: 
is depressed. The Brinell hardness numbers of this steel, after each cooling, 
are given under the respective cooling curves. The fact that very high 
initial temperatures above 874 C. have no effect upon the thermal 
characteristics of the steel must not be regarded as indicating they are without 
action on the mechanical properties, for such is not the case. 

The behaviour of other steels in respect to initial temperature and rate 
of cooling may be very different from that just considered, and although the: 
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amount of quantitative data is at present somewhat meagre, the case of 
chromium steels may be mentioned as showing quite different characteristics 
from the above. A set of cooling curves for a steel containing about 6-0 
per cent, chromium and -60 per cent, of carbon, as shown in Fig. 155. As 
will be seen many of these curves were taken at practically the same cooling 
rate from different initial temperatures. With this steel the nature of the 
carbide critical point, and the temperature at which it takes place, can be 
entirely modified, both by varying the rate of cooling and the temperature 
to which it is heated. The effect upon the Brinell hardnesses of heating 
this chromium steel to various temperatures followed by rapid air cooling is 
shown in Fig. 156. 

From what has been said above it is scarcely necessary to state that the 
time factor, or rate of cooling, and the initial temperature should receive 
very careful attention in the study of all steels, and especially in the case of 
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Tig. 157. Depth of penetration of quench- 
ing influence in a Carbon steel. 
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Fig. 158. Depth of penetration of quench- 
ing influence in steel containing 6 per 
cent Nickel. 



.alloy steels. This should not be confined to 'a qualitative examination 
of these variables, but should be extended in such a way as to make it possible 
to construct constitutional diagrams in which they are both adequately 
represented. This could be done quite satisfactorily by taking the critical 
cooling rate as the rate at which the normal carbide change just begins 
to be depressed, and plotting these as verticals upon a triangular base for 
ternary systems in the same manner as is now done for temperature see 
Chapter I. 

In a most interesting contribution to the discussion on a paper by Stead, 1 
L. Grenet gave a series of diagrams which clearly illustrate the influence 
of various elements upon the hardening properties of steel. These diagrams, 
ivhich are reproduced in Figs. 157 to 163, are not intended to represent 

1 Journ. Iron and Steel Inst. 9 1916, No. 2, p. 117. 
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Fig. 159. Depth of penetration of qnench- 
ing influence in steel containing 10 per 
cent. Nickel. 

Brinell Hardness number 
60O-- 



2. 46 e /a /2 

Distance from quenched surface (mm.}, 

Fig, 160. Depth of penetration of quench- 
ing influence in steel containing 14 pei 
cent. Nickel. 
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Pig. 161. Depth of penetration of quench- 
ing influence in steel containing 1 per 
cent. Chromium. 
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Fig. 162. Depth of penetration of quench- 
ing influence in steel containing 5 per 
cent. Chromium. 



the exact depth of penetration of the quenching effect, but they are com- 
parable with one another. Concerning these figures Grenet says : " As we 
are only concerned with an approximate representation, the unit selected 
is of no importance. Let it be considered as of the order of size of a centi- 
metre. In all the curves X indicates the hardness of the steel at maximum 
softness. 

" In a carbon steel the hardness, which is at its maximum in the neigh- 
bourhood of the quenched surface, decreases rapidly until it reaches a degree 
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which, remains practically constant, and corresponds with that of the steel 
as annealed at 850, and softened to its maximum. 

" In a nickel steel the hardness, which is at its maximum, in the neigh- 
bourhood of the quenched surface, decreases fairly regularly until it reaches 
a degree which remains practically constant, and corresponds with that 
of the steel as annealed at 850. The hardness of this steel, annealed at 
850 C., approaches more closely, however, to the maximum hardness of the 
quenched steel the higher the percentage of nickel present, and diverges 
more greatly from the hardness of the steel at its maximum softness (annealed 
at a little below the temperature of the heating transformation) the higher 
the percentage of nickel (see .Figs. 158, 159, and 160). For a chromium steel 
the hardness decreases more and more slowly in proportion as the percentage 
of chromium increases, reaching ultimately the hardness of the annealed 
metal, which is that of the steel at its maximum softness (see Figs. 161 and 
162). 

Brine II Hardness number 
600 




2 4 6 a tO 12 

Distance from quenched surface (mm.) 

Fig. 163. Depth of quenching in a manganene Htoul containing I "20 per cont. 
of Carbon. As explained, and in order to form a concrete example*, the 
units plotted as abscissae represent 1 centimetre when the mangtmoHo per- 
centage i 1'50 per cent, and 10 centimetres when thin percentage roaohoH 
12 per cent. 

"The higher the percentage of chromium is raised the more important 
becomes the range within which the hardness is in the neighbourhood of its 
maximum. The fall in the hardness takes place ultimately fairly rapidly. 

" The action of manganese is analogous to that of chromium, the transition 
from the range of softness to the range of hardness being more continuous. 
When the percentage of manganese is high enough, the areas near the quenched 
surface may become soft if the quenching suppresses the cooling trann- 
formation, and leaves the metal in the c stable condition on heating.* No 
experiments have been made on the penetration of the quenching effect 
on manganese steels, and the curve shown in Fig. 163 is given only "to serve 
for placing on record the train of thought based on the facts known. 

" The proportion of any given element is increased to the degree to which 
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it is desired to increase the penetrative action of quenching. Thus, to increase 
the action of quenching to greater depths nickel would be increased ; to 
diminish the effect and confine it superficially the chromium, would be raised, 
while, to render it more continuous in its effect, the manganese would be 
raised, or, better still, chromium-nickel steel would be employed." 

In regard to the exact physico-chemical action of the alloy elements 
used in special steels, up to the present no really satisfactory theory has 
been put forward. This is not very surprising, in spite of the large amount 
of research work that has been published, when it is remembered that we do 
not know all the changes, and their theoretical explanations, which occur 
in the pure iron-carbon alloys. Attempts have been made to show the 
relation between the position of the elements in Newlands and MendeleefPs 
" periodic, tables," and their effects upon the properties of iron and steel, 
but they have so far met with little or no real success. Osmond 1 arranged 
a number of the elements in the order of their atomic volumes, found by 
dividing their atomic weight by their specific gravity : 



I. 



Carbon, . 
Boron, . 
Nickel, . 
ManganoHQ, 
(Topper, , 



3-8 

4-1 
6-7 
6-9 
7-1 



II. 



Chromium , 
Tungsten,. 
Silicon, . 
ArHonic, . 
Phosphorus, 
Sulphur, . 



7-7 
.9-6 
11-2 
13-2 
13-5 
13-7 



He considered that the elements in column L, whose atomic volumes 
am Hiualler than that of iron (7-2), delay the Ar 3 , Ar 2 , and Ar x transformations, 
whilst elements whose atomic volumes are greater than that of iron (column 
II.) tend to raise the temperature at which those changes occur. There can 
be no doubt that this arrangement is quite inadequate, because the action 
of the above elements cannot be arranged in two simple columns, and also 
because it does not take into account the fact that they may form new 
eompoumlB with the carbon and the iron. Nevertheless, it is more than 
probable that the chemical and physical action of the various elements upon 
iron and ateel is in some way governed by their atomic or molecular con- 
stitution, and, if this be so, we may reasonably hope that some useful theory 
or law similar to the periodic classification of the elements will ultimately 
be discovered. Before this can be satisfactorily accomplished, however, 
the various chemical compounds which the elements are capable of forming, 
both with the iron and carbon, must be carefully isolated. In this connection 
the very careful work of Professors Arnold and Bead on the determinations 
of the carbides which exist in annealed special steels cannot be too highly 
appreciated. 

When we come to study a series of alloys containing more than two 
elements, the number of mixtures and experiments that are really required 
in order to obtain anything like a reliable idea of their properties are exceed- 
ingly numerous. In the case of steels, this fact is in many ways even more 
evident than in the majority of other alloys, because steel is so remarkably 
sensitive to comparatively slight variations or irregularities in its mechanical 
or heat treatment as well as in its composition. It is no doubt largely on 

1 Journ. Iron and Steel Inst., 1890, part 1, p. 38. 

13 



THE PHYSICO-CHEMICAL PROPERTIES OF STEEL. 

nt of these difficulties that so far no single publication dealing with 
:y steels can be legitimately regarded as embracing a complete list 
5 physical and mechanical properties of the particular series with which 
ils. Further, as much less work has been done relating to the true 
so-chemical constitution of such steels, any attempt to formulate 
itical explanations of their peculiar and particular properties must 
jarily be of a tentative nature. Hence, in reviewing the large number 
perimental facts contained in the various scientific journals, it is an 
nely difficult task to decide what should and what should not be 
Led in a book of this kind. This obvious difficulty is still further 
^sed because the investigators have frequently had widely different 
>ses in view, and have, therefore, conducted their researches along 
mt lines. 

Nickel-Iron Alloys and Nickel-Iron-Carbon Steels. 

1862 Sir Henry Bessemer * made some nickel steel ingots by melting 
lie nickel with wrought iron, but, owing to the presence of high sulphur 
)hosphorus contents, the results he obtained were unsatisfactory. In 



'4000 




100* 



W soo* 



Fig. 164. 

Mr. James Biley 2 published some valuable data relating to the 
inical properties of nickel steel. There seems to be no doubt that the 
mportant application of nickel steel on a large scale was in the case of 
11 plates made by Messrs. Schneider & Co., Le Creusot, France. The 
d States Navy subsequently used this kind of steel for the same pur- 
It was found that nickel steel armour plates were much superior 
5 ordinary Harveyised steel plates containing no nickel, even when the 
>f the former had not been subjected to the Harvey treatment, 
ofessor John Hopkinson, in 1889, 3 published the very interesting 
tiat a sample of steel containing 25 per cent, of nickel was non-magnetic 
linary temperatures, but became magnetic on being cooled to slightly 
C., and highly magnetic at a temperature of - 51 C. On returning 
ordinary temperature it remained magnetic, and only lost this property 
heated to 580 C. Hence this steel was capable of existing in two 
sal conditions in one range of temperature. The mechanical propertiea 
also found to be different, the magnetic sample possessing a higher 

1 Iron and Steel Inst., 1895, No. 2. 

2 Journ. Iron and Steel Inst., 1889, No. 1, p. 45. 

3 Proc. Eoy. Soc., Dec. 2, 1889, and Jan. 16, 1890. 
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tensile strength and a lower elongation. This was the first account of the 
irreversible transformation of nickel steel. These magnetic differences are 
clearly illustrated in fig. 164:. 
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C B Guillaume 1 conducted an important investigation with a seiie 
of steels, containing from 12 to 46 per cent, of nickel, and definitely establishes 
the fact that the temperatures of the transformation points are progressive!; 
lowered as the nickel is increased to about 25 per cent. With higher pox 
centages they are raised and the nature of the transformation is changed 
The transformations in steels containing less than 25 per cent, are irreversible 
but reversible when the nickel content is above 25 per cent. Osmond 
examined a complete series of practically pure iron-nickel alloys, and detei 
mined the temperatures at which the magnetic changes occur both on heatin 
and on cooling. He embodied his results in the diagram (tig. 165). It i 
obvious from this diagram that as the nickel is raised from to 25 per cent 
the transformation points are lowered and the irreversible range of tern pen 
ture is materially widened. 

TABLE XXVIH. 



Chemical Composition. 


Breaking Load. 


IllCrAfcMi of 












Ur0*kiK Load 








Reheated to 


Hardened In 


(tut to 


Carbon. 


Manganese. 


Nickel. 


Dull Cherry. 
red and Cooled 


Water at Dull 
Chfrry>red 


Uantanlnff. 








iu Band. 


Htiit. 




Per cent. 


Per cent. 


tfer cent. 


Tom per MI. In. 


Tout per sq. In, 


Per wmt, 


0-09 


0-04 


2-48 


27-3 


37-9 


38 -8 


0-09 


0-04 


6-0$ 


. .. 32-1 


07*5 


HO-5 


0-09 


0-04: 


, 7-54 


38*1 ' 


77-5 


103-3 


0-08 


0-04. 


10-00 


48-9 


7(5-5 


50-5 


0-09 


0-04 


12-42 


69-7 


79-1 


13-5 


0-08 


0-04 


15-09 


75-3 


80-0 


6-2 


0-08 


0-04 


17-60 


75-6 


78-0 


3-1 


0-09 -, 


0-04 


19-96 


73-3 


70-6 


4-5 


0-09 


0-04 


22-63 


71-3 


73-5 


3-0 


0-10 


0-04 


25-15 


05-0 


71-5 


10-0 



The tensile strength of what may be regarded as pure iron-nickel allo; 
which are given in Table XXVIII. , and plotted in fig, 166, were published I 
the " Fonderies, Forges et Acieries de St. Ktienne. 3 One of the inoBt intc 
esting features about these figures is that they show that, even with ve: 
pure iron-nickel alloys which contain practically no carbon, their hardnc 
can be substantially raised by quenching in water. They also show th 
the tensile strength of the annealed specimens is increawci a the nicfe 
is raised up to about 17-6 per cent., after which there w a fall in that proper 
with additional nickel content. Professor Arnold 4 has alno determined t 
mechanical properties of a remarkably pure series of nickel-iron alloys whi 
are in substantial agreement with the above. Sir Robert Hadfiold's classic 

t'Comptes Rendus, Jan. 25, April 5, Juno 18, July 26* 1897, , * 

2 Ihid., vol. oxxviii., p. 300. 

3 Pamphlet publwhod by S. Kirsoh, 8 rue d la Bourne, Saint Ktienne, 1894. 

4 Inst. of Mech. Enga., 1914. 
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work * is probably the most complete published investigation of the genei 
properties of nickel-iron alloys, and should be carefully studied by the 
interested in the subject. Some of these results are reproduced in Tal 
XXIX. and plotted in fig. 167. It will be observed that whilst Hadfielc 



60 




'0 2 4 



Percentage Nickel. 
Kg. 167. 

steels contained about 0-18 per cent, of carbon, and about 0-8 per cei 
of manganese, the results he obtained are in such close agreement wi 
those in Table XXVIII. that for all practical purposes the very complete da 
which he has published may be accepted as representing the properties 
the pure binary series. 

Professors Arnold and Read 2 express the opinion that there is a defin: 
alloy of iron and nickel corresponding to the formula NiFe 7 . There is 
definite chemical evidence which supports this view, the chief evidence bei 
that there is a marked discontinuity in the mechanical properties of t 
alloys at or about 13 per cent, of nickel. This remarkable break is, howev 
readily accounted for by the effect of the nickel upon the temperature of t 

1 lust, of Civil Eng&., Proc., vol. cxxxviii., pp. 1-125. 
9 Inst. of Mech. Engs.> 1914. 
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thermal critical points, in exactly the same way as the same effect is brough 
about in other alloy steels. 

Nickel-Iron-Carbon Steels. 

Although no reliable data seems to have been published relating to th 
relative segregation of nickel-carbon steels and ordinary carbon steels, i 
appaars to be generally admitted that the presence of nickel tends to neutralis 
this evil. If this is indeed a fact, it is probably due to the nickel decreasin] 
the salidification range of temperature by the formation of new carbides 
Ib has been shown by Arnold, 1 and also by G. B. Waterhouse, 2 that th< 
presence of nickel in steel facilitates the conversion of the carbon from th( 
combined into the graphitic state. Professors Arnold and Kead 3 say : 
" That as a ' black-steel forming ' element nickel is, of all metals so fa: 
investigated, the greatest graphite precipitater." It is probably owing t( 
this action that pure nickel-carbon steels are seldom used, especially if higl 
nickel or carbon percentages are required. Under these conditions th< 
presence of chromium or manganese is necessary to maintain the carboi 
in the combined state. The precipitation of graphitic carbon is apparentl] 
due to the decomposition of nickel carbide, M 3 C, which seems to be mucl 
leas stable, at a forging heat, than any other metallic carbide present ii 
special alloy steels. 

G. B. Waterhouse 4 has published an account of the mechanical properties 
of a series of steels in which the nickel remained practically constant a^ 
3-75 per cent., with the carbon varying from 04 to 1-83. 

The chemical analyses of these steels are given in Table XXX., and tin 
mechanical properties in Table XXXI. These results are particularly useful 
because the percentages of nickel closely correspond to what is generall] 
aimed at in most nickel steel forgings, etc. The chief difference lies in th< 
fact that the commercial steels invariably contain from 04 to 0*8 per cent 
of manganese, and sometimes from 0-5 to 1-5 per cent, of chromium. Th< 
effect of nickel is clearly illustrated in Table XXXII. , where a comparisoi 
is made between two of the nickel steels and two carbon steels containing 
about the same amount of carbon. 

TABLE XXX. 



Mark of Steel. 


K 


L 


M 


N 


1? 





Q 


B 


8 


T 


Total carbon 


041 


0-51 


0-63 


0-79 


0-92 


0-97 


1-24 


1-54 


1-64 


1-82 


Nickel, 


3-79 


3-79 


3-76 


3-81 


3-79 


3-75 


3-81 


3-82 


3-82 


3-79 


Silicon, 


0-102 


0-103 


0-133 


0-129 


0-126 


0-095 


0-117 


0-144 


0-151 


0-133 


Manganese, 


0-086 


0-054 


0-050 


0-051 


0-047 


0-058 


0-057 


0-054 


0-047 


0-051 


Sulphur, 


0-013 


0-014 


0-014 


0-014 


0-014 


0-014 


0-015 


0-014 


0-015 


0-016 


Phosphorus, 


0-007 


0-008 


0-008 


0-008 


0-008 


0-008 


0-008 


0-007 


0-009 


0-009 


Aluminium, . 


0-01 


0-01 


0-009 


0-01 


0-009 


0-011 


0-009 


0-01 


0-01 


0-01 



1 Discussion on Hadfield's paper, p. 131. 

2 Iron and titeel Inst., 1905, No. 2. 
* Inst. of Mecti. Engs., 1914. 

4 Iron and Steel Inst. 
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TABLE XXXI. MECHANICAL PKOPERTIES OF BARS HEATED AT 1,000 C. 
FOR 25 MINUTES AND COOLED IN AIR. 



No. 


XL 


C.C. 


G.C. 


Elastic 
Limit. 


Ultimate 

Stress. 


Elongation 
on 2 inches. 


Contraction 
of Area. 










Tons per 
sq. inch. ^ 


Tons per 
sq. inch. 


Per cent. 


Per cent. 


K 


3-79 


041 




21-67 


40-28 


26-0 


44-75 


L 


3-79 


0-51 




22-52 . 


44-24 


21-0 


39-05 


M 


3-76 


0-63 




25-01 


51-52 


16-5 


26-27 


N 


3*81 


0-79 




29-84 


60-55 


14-0 


21-27 


P 


3-79 


0-92 




35-04 


69-42 


8-0 


14-08 





3-75 


0-97 




35-76 


70-01 


7-5 


8-39 


Q 


3-81 


1-24 




45-44 


75-31 


3-5 


3-20 


R 


3-82 


1-21 


031 


29-25 


65-01 


10-5 


13-9 


S 


3-82 


0-93 


071 


30-18 


46-84 


14-5 


20-96 


T 


3-79 


0-91 


091 


29-66 


58-76 


12-0 


13-92 



TABLE XXXII.- COMPARISON WITH CARBON STEELS. 



Carbon. 


Nickel. 


Elastic 
Limit. 


Ultimate 
Stress. 


Elastic 
Ratio. 


Elongation 
on 2 inches. 


Contraction 
of Area. 






Tons per 
square inch. 


Tons. 




Per cent. 


Per cent. 


0-38 




17-95 


29-94 


60-2 


34-5 


56-3 


0-41 


3-79 


21-69 


40-28 


63-7 


26-0 


44-7 


1-20 


m t 


35-72 


61-65 


57-8 


8-0 


, 7-8 


1-24 


3-81 


45-44 


75-31 


60-3 


3-5 


3-5 



From Ms pyrometric investigations Waterhouse concludes that 3-75 per 
cent, of nickel lowers the temperature of the carbide change to 610 C., 
and that this change is practically unaffected by the carbon content. 

In the pamphlet published by the " Fonderies, Forges et Acieries de St. 
Etierme," the tensile strengths of two interesting series of nickel-carbon 
steels, which are reproduced in Table XXXIII. In both series the rolled bars 
were heated to a dull cherry red, and allowed to cool slowly in sand. In 
the steels containing 15 per cent, of nickel it will be noticed that, as the 
carbon is raised from 0-06 to 0*27 per cent., the ultimate stress is increased 
from 73-0 to 954 tons per square inch, but further increase in the carbon 
content brings about a progressive lowering of the tensile properties. With 
25 per cent, of nickel the breaking load rapidly decreases as the carbon is 
raised from 0*05 to 0*26 per cent., and then remains almost , constant as 
the carbon is raised to 0-83 per cent. Whilst no figures are given to indicate 
how much of the carbon is in the combined and how much in the graphitic 
condition, there can be no doubt that the action of the carbon is to lower 
the temperature of the transformation points. In discussing these figures, 
Osmond l said : " When the transformations take place at temperatures 
higher than 400 C., they are almost completed and their effect was feeble. 

1 Discussion on Arnold's paper (loc. cit.}. 
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When the transformations take place at temperatures lower than 400 
they are more incomplete, and the steels are then hardened whatever t 
method of cooling. Lastly, steels which are not transformed at ordina 
temperatures possessed a characteristic combination of strength a 
plasticity. 5 ' 

TABLE XXXIII. 



Nickel Constant = 15 per cent. 


Nickel Constant = 25 per cent. 


Carbon. 


Manganese. 


Tensile 
Strength. 


Carbon. 


Manganese. 


Tensile 
Strength. 


Per cent. 


Per cent. 


Tons per 
square inch. 


Per cent. 


Per cent. 


Tons per 
square inch 


0-06 


0-02 


73-0 


0-05 




66-2 


0-12 


0-04 


86-0 


0-12 


0-02 


65-9 


0-19 


0-06 


93-3 


0-18 


0-03 


49-8 


0-27 


0-03 


95-4 


0-26 


0-04 


41-8 


0*38 


0-03 


90-8 


0-34 


0-04 


42-7 


0-50 


0-05 


86-6 


0-43 


0-05 


45-3 


0-58 


0-06 


78-4 


0-52 


0-06 


48-1 


0-64 


0-06 


54-5 


0-61 


0-06 


46-0 


0-75 


0-05 


50-5 


0-72 


0-06 


45-6 


0-86 


0-05 


45-8 


0-83 


0-07 


43-0 



Hence, with 15 per cent, of nickel increasing the carbon to 0-27 per ce: 
simply lowers the temperature of the inversion to that at which it has i 
greatest effect upon the hardening of the mass, whereas any further incre* 
of carbon lowers it to such an extent that there is less and less internal worki 
of the steel. Or, in other words, when the transformation has been complete 
lowered to or below the ordinary temperature by sufficient nickel or nia 
plus carbon, the steel is in an unstressed or unworked condition. T 
corresponds to what is generally called /-iron i.e., the material is in a sta" 
austenitic state, and shows under the microscope the well-known polyhed 
crystal grains (see fig. 168). In this condition nickel steels are soft. Wt 
there is not so much nickel the steel becomes internally strained, or, 
L". Dumas * says, there arises a " working effect," which evinces itself b] 
progressive increase in the elastic limit and ultimate stress. The extent 
this internal working, which is indicated by the martensitic markings, depei 
upon the amount of nickel, etc., present, the maximum effort being evid< 
with about 14*0 per cent, "when no carbon is present. 

In a noteworthy paper dealing with the " Steel used for Motor-Car G 
struction in France," Dr. Guillet 2 draws attention to many important ap; 
cations of nickel steel, and he published these in such a condensed fc 
that they are introduced here in (detail : 

" It may be necessary for me to revert briefly to the investigations wh 
I have made on nickel steels, and which have been from time to time p 



1 Journ. Iron and Steel Inst. 1904. 

2 Journ. Iron and Steel Inst., 1906, No. 1. 
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lished elsewhere. 1 I have shown that, from the point of view of their micro- 
structure, nickel steels can be divided into three well-defined classes 
pearlitic steels, martensitic steels, and 7 steels ; that there is an intimate 
relation between the constitution and the mechanical properties of a steel, 
and that, finally, the determination of the transformation of one group 
into another depends essentially on the sum of C + Ni. Combining all my 
results, I have been able to form an exceedingly simple diagram. The per- 
centage of carbon being indicated on the axis x, and that of nickel on the 
axis y, three zones can be distinguished, corresponding to the three con- 
stituents, and, further, to the zones of transformation. 




Fig. 168. Austenite (Carpenter}. X 1,000. 

" It may be recalled that martensite is characteristic of a steel having 
been quenched at a suitable temperature. If we take a steel with 0-12 per 
cent, of carbon and 7 per cent, of nickel, it will be found to be pearlitic. Let 
it undergo cementation, so that the exterior may contain 0-90 to 1*0 per 
cent. ; we shall then have the exterior consisting of martensite, and, con- 
sequently, having the same structure as a quenched case-hardened steel. 
To summarise : starting with a steel containing 7 per cent, of nickel 
alone, to obtain the same results as by case-hardening followed by 
quenching. We will not dwell on the importance of this process which, 
both in France and elsewhere, is carried out under the licence of the Dion- 
Bouton Company. 

" By observing the necessary precautions, and, in particular, by annealing 
the steel on its arrival from, the mill to destroy hammer hardening, and 

1 Bulletin de la Societe d' encouragement pour V Industrie Nationale, and Lea Acier* 
Speciaux, Paris : Vve. Dunod. 
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by taking care to allow the cemented pieces, to cool aa slowly as possible, 
it becomes possible to avoid all the worries which accompany quenching, 
and consequently ail the operations which should follow it i.e., straightening 
and readjusting. 

" It must be further noted that this steel (carbon, 0-12 ; nickel, 7-0 per 
cent.) possesses certain very interesting mechanical properties in the annealed 
state, and that these properties are not changed on case-hardening. Its 
mechanical properties are : 

Tensile strength, 35 to 38 tons. 

Elastic limit, 25| to 28| tons. 

Elongation, . . . . . 30 to 25 per cent. 

" The motor-car parts which are most usually case-hardened are axles, 
particularly for single-cylinder cars, and crank-shafts, in regard to which 
the serious deformations which occur render it desirable to avoid the opera- 
tions of case-hardening and quenching ; the gearing, or at least such of it 
as is subjected to much work, and, generally speaking, all parts that have 
to undergo friction, and are not liable to any risk of shock. 



" B. titeda with Low Nickel (1 to 6 per cent.), and- Medium Carbon 
(0-25 to 04 per cent.). 

" These steels are employed chiefly for shafts, forgings, axle journals, and 
axles, bearings, and various sections. The principal types are : 

" 1. Carbon, 0*3 to 0-4 per cent. ; nickel, 1 to 2 per cent. This is prac- 
tically the ordinary type of ordnance material as used in France. It gives- 
Tensile strength, . . . . 31-75 to 38 tons. 
Elastic limit, . . . . 20 to 24 tons. 
Elongation, 27 to 20 per cent. 

" Quenched at 800 C. and annealed at 500 C., it gives- 
Tensile strength, .... 44*5 to 57 tons. 

Elastic limit, 35 to 47 tons. 

Elongation, . . . . . . 16 to 12 per cent. 

" 2. Carbon, 0-20 to 0-25 per cent. ; nickel, 3-25 to 3-50 per cent. This 
steel is used specially for journals. It gives 

Tensile strength, 35 to 41 tons. 

Elastic limit, 21 J to 25J tons. 

Elongation, 25 to 20 per cent. 

" Quenched at 800 C. and annealed at 500 C., it gives- 
Tensile strength, 54 to 66 tons. 

Elastic limit, 42 to 54J tons. 

Elongation, . . / . . . 11 to 14 per cent. 
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" 3. Carbon, 0-20 per cent. ; nickel, 5 to 6 per cent. This steel is used, 
more particularly, for axles and axle boxes, and, after annealing at 900 II 
and slow cooling, gives 

Tensile strength, 38 to 441 tons. 

Elastic limit, .... 23 to 261 tons, 

Elongation, . . . . . . 25 to 20 per cent. 

" The properties of this steel undergo considerable modification on 
quenching. Quenched in water from a temperature of 860** C., it gives-- 
Tensile strength, 70 to 85 tons. 

Elastic limit, 60 to 70 torm. 

Elongation, 6 to 10 JHT cent. 

" All the nickel steels of which mention has been made are pour-lit it- 
that is to say, they have the same structure as ordinary carbon 
and, according to all the investigations made, it would aeem that the iron 
was in a state of solution in the nickel. The advantages which these teel 
present over ordinary nickel steels are as follows : -Homogeneity ; hij*lu 4 r 
tensile strength and elastic limit, which is higher than that of ait ordinary 
carbon steel, the Higher the percentage of nickel present; an elongation 
which is uniformly high ; very high resistance to shock (144 to 325 foot- 
pounds on annealed notched bars), and a considerable inereaHe in tensile 
strength on quenching in water. 



" C. Steels with a Medium Percentage of Nickel 
(10 to 18 per cent.). 

" These steels have a medium percentage of carbon (0-20 to 0-50 per cent.). 

" I have shown that all these steels are martensitic that i to ny, that 
they are very hard to work, very difficult to forge, etc. There are, there- 
fore, strong objections to their employment, and they have consequently 
been almost entirely superseded. 

" It may, however, be stated that an important French workn ntill con- 
tinues the manufacture of a nickel steel containing 16 to IB per cent, of 
nickel. This steel gives 

Tensile strength, . 63| to f>4| tons. 

Elastic limit, 581 to (XUoiui. 

Elongation, 6" to 8 per rent. 

" Nickel steels containing over 15 per cent, of nickel and over f)-25 j>er 
cent, of carbon soften slightly on prolonged annealing in the vicinity of 
700 C., and can have their hardness restored on quenching in air, in the 
vicinity of 800 C. 

" To sum up, these steels are all sub-martenaitic, and present such diffi- 
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culties to utilisation and working that, practically, their use has been 
abandoned. 

i4 D. Steels with a High Percentage of Nickel (32 to 36 per cent.) and a 
Low Percentage of Carbon (0*12 to 0*20 per cent.). 

" These products have found, in the motor-car industry, an important 
application in the making of valves. They contain at least 32 per cent, 
of nickel ; with a lower percentage they would be susceptible of undergoing 
the most injurious transformations, of which I shall have occasion to refer 
to later. 

" These high nickel steels are steels containing y iron ; their characteristics 
are the possession of a low elastic limit, high elongation, and a highly remark- 
able degree of resistance to shock. In addition to this they are untarnishable* 
' " These steels give 

I Tensile strength, 38 to 44J tons, 

" Elastic limit,' 19 to 25| tons. 

Elongation, . . . . . . 40 to 30 per cent. 

" Shock tests on notched bars gave 325 to 361 foot-pounds. Quenching- 
I perceptibly softens them, as it also does, by the way, all steels containing 

I y iron. On quenching they give 

I Tensile strength, . . . . . 33 to 38 tons. 

1 Elastic limit, . , . . . 14 to 19 tons. 

Elongation, 50 to 40 per cent. 

"It may not be inopportune to recall the fact that these steels were made- 

the subject of a highly important study by Guillaume. This scientist showed, ' 

I in particular, that the steel containing 36 per cent, of nickel possessed an 

I exceedingly small coefficient of dilatation between the temperature of CL 

and 350 0. 

" E. Steels with High Percentages of Nickel (25 to 30 per cent.) and 
} High Percentages of Carbon (0-60 to 0-80 per cent.). 

I " These steels have, for some time past, been used for crank-shafts, valves, 

etc. They possess, however, certain serious disadvantages which I will 
I here indicate. It may be stated, to begin with, that they are y steels, and 

1 accordingly possess low elastic limits. Further, these steels undergo, in the 

I process of working (hammer hardening), annealing, quenching, etc. con- 

ditions some of which very frequently occur in practice, particularly in 
making valves which require to be subjected to certain temperatures 
well-marked intermodular transformations ; the y iron is transformed 
into martensite. 

" I will instance some examples from the point of view of the alterations, 
they undergo in their mechanical properties." 
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TABLE XXXIV. STEEL WITH 0*80 PER CENT. OF CARBON AND 25 PEE 
CENT. OF NICKEL (Ouilkt). 
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Strength* 


Elastic 
limit. 
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Tons, 


Ton*, 


Fr cent. 


Annealed for 10 minutes at 900 C. 


45| 


24] 


33 


Annealed 1 hour at 90Cf C., . 


54 


30| 


10 


Annealed 4 hours at 900 s C. . 


5S| 


34{ 


e 


Hammered and annealed lor 10 








minutes at 900 C., . 


f 


28 


n5 


Cooled to ISO and reheated to 








20 C., 


61 


38j 


8 











Shock 
IVtts. 



Ktrro. 

35 



10 
8 



Guillet also mentions another case which is of particular iutoreat, in o 
much as it clearly manifests the combined action of nickel and curium in 
a most striking and useful manner. A steel containing 0-12 pi*r cent, of 
carbon and 7 per cent, of nickel, as slowly cooled, contains its rurlnm in the 
pearlitic form. If this steel is subjected to the n?mi*ntation process until 
the outside surface contains about 0-9 per cent* of carbon, followed by slow 
cooling, the surface will be in the rnartensitie state, and will conftwjuently 
be hard. Thus, simply by carburiaing a steel of this comixrnition, it in possible 
to obtain the same results as the, carburiaing and quenching, caae-lianiening 
of ordinary carbon steels. Hence, as (iuillet says, " it bec:omt*a |>uHKible to 
avoid all the worries which accompany quenching, and ronHrfjmnt]y nil 
the operations which should follow it i.e., straightening and readjusting." 
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TABLE XXXVr.TFNSiLB TESTS. 
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CHAPTER XVII. 

TUNGSTEN CARBON-STEELS. 

THE metal tungnten is used as a special element in steels for permanent 
magnets, cold chisels, the old self -hardening Mushet tool steel, and the 
modern types of high-speed cutting tools. 

Valuable information relating to the physical and mechanical properties, 
and the chemical and structural constitution of these steels, has been pub- 
lished by Sir Robert Hadficld, 1 Mr. Osmond, 2 Dr. Uuillet, 8 Otto Bohlcr,* Dr. 
Swinden, 5 Professors Arnold and Head, 6 and others. Indirect evidence has 
also been supplied by Professor Carpenter 7 and the author. 8 

The data shown in Tables XXXV. and XXXVI. are taken from Hadfield's 
and Swindon's papers respectively. From Table XXXV. it will be observed 
that the elastic limit and tensile strength are comparatively low in all cases, 
and, an ifadiield nays, the action of tungsten in this respect differs con- 
siderably from that of nickel, chromium, and manganese. The best all- 
round mechanical results appear to bo obtained with 3-5 per cent, of tungsten. 

The results obtained by Swindon from a series containing approximately 
3'0 per cent, of tungsten with varying carbon content very clearly show the 
toughening effect of tungsten, particularly as the carbon increases. Com- 
pared with iron-carbon steels, the tenacity has been considerably raised, 
with only slight lowering of the ductility. The specimen with 0-89 per cent. 
of carbon given remarkably good results, but with higher carbon content 
the mechanical properties are not BO good. 

The composition of steel which seems to be most generally preferred 
for permanent magnets is carbon about 0-6 per cent, and tungsten from 
F> to (> per cent. According to Dr. Swinden's 9 experiments upon the magnetic 
proportion of tungsten steels, it would seem that the best results are obtained 
by quenching from about 900 C. This temperature is necessary, he says, 
in order to get the carbon into solution. Judging from the excellent dis- 
cussion which took place on the above-mentioned paper, there does not 
appear to be any definite idea as to what is the real cause of the peculiar 
propertieH of permanent magnets. There is, however, no doubt that this 
property in materially influenced by the size of crystals contained in the mass, 

1 ** Alloys of Iron and Tungsten," Jovrn. Iron and Steel Inal., 1903, No. 2. 

* JWrn. Iron and Stod Inat., 1800, No. 1. 
Hmnte de Atetotturgie, 1904, p. 203. 
Wt>t/)um ntid Rapid Stahl, 1903. 

"Carbon -Tungsten Stools," Journ. Iron and Steel Inst. t 1907, No. 1 ; and " Tko 
Cbns itution of Carbon-Tungsten Steels/' Journ. Iron and Steel Inat., 1909, No. 2. 
I>wc. ln*t. M*ck. JBng*., 1914. 
Journ. /run and Steel Inat., 1905, No. 1. 
/6iW., 1908, No. 2. 

" Magnetic Properties of Tungsten-Carbon Steels," Proc. Inst. Klec. Enga., 1909, 
part 106, vol. xlii. " 
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being better the finer the grain. Hence mechanical work is generally admitted 
to have a beneficial effect. In regard to the action of quenching, Arnold 
observes that " in iron containing 0*1 to 0*9 per cent, of carbon the 
permanent magnetism is directly proportional to the sub-carbide of iron 
present." In other words, hardenite alone holds permanent magnetism. It 
may, therefore, be found that the permanent magnetism of quenched steels 
is in some way connected with the internal working of the steel which is 
produced in the quenching operation. 



Constitution of Tungsten Steel. 

Osmond found in his early work that if annealed tungsten-carbon steels 
be heated to' a temperature not exceeding about 900 0., the position of the 
carbide change point is not sensibly altered. It occurs at practically the same 
temperature as when pure carbon steels are cooled. This observation has 
been amply confirmed by all subsequent workers, and it may be noted that, 
even in the presence of 19-28 per cent, of tungsten and 0*63 per cent, of 
carbon, the temperature of the carbide change is still 700 C. 

In the absence of any direct chemical or microscopical evidence to the 
contrary, this fact naturally led investigators to suppose that, even in the 
presence of such high percentages of tungsten, the carbon still remained 
in combination with the iron as Fe 3 C, and gave rise to the same inversion. 
There is, however, now no doubt that this view is incorrect. Another inter- 
esting fact which was first brought forward by the above worker, is that 
the Ar 3 and Ar 2 points are practically uninfluenced by the tungsten contained 
in the steel. These changes take place at the same temperature in tungsten 
steels, as they do in carbon steels of the same carbon content, providing 
the initial temperature from which the former are cooled does not exceed 
about 1,040 C. But this treatment i.e., heating to 1,040 C. produces 
a very sharp lowering of the carbide point in steels containing tungsten. 

He also showed that, when the specimens were heated to 1,300 C., the 
Ar 3 and Ar 2 points are lowered in turn, and tend to meet the lowered carbide 
change, and, under certain conditions, the normal carbide change could be 
split~~t.e. 3 part occurring at, say, 700 C. and part at the lower temperature. 

The temperature of this low change appears to be directly related to the 
percentage of tungsten. With 3-0 per cent, of tungsten Swinden has fixed 
the low point at 570 C., and has indicated that with increasing carbon the 
initial temperature must be raised in order to lower the temperature of the 
normal carbide change. Though not experimenting under the same con- 
ditions, it would appear from the author's work that with about 18 per cent, 
of tungsten the temperature of the low change point is at 380 C. It is, 
therefore, evident from the above facts that the action of tungsten in many 
ways differs strikingly from most other elements in special steels. Far more 
complications are met with in the steels under consideration, and these make 
it much less easy to offer a trustworthy theory of the function of tungsten. 
Nevertheless, the careful separation of the chemical compounds existing 
in tungsten steels which has recently been effected by Professors Arnold and 
Read enable us to approach this difficult problem with much more confidence 
than was previously possible. They have shown that when the ratio of 
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carbon to tungsten is 1 : 15-3 the whole of the carbon is in combination 
with the tungsten as WC. If the carbon is greater than this ratio mixtures 
of the two carbides, Ee^C and WC, are present, and if the tungsten is in excess 
there is no carbide of iron, but a mixture of carbide of tungsten, WC, and a 
tungstide of iron, Fe 2 W. 

At this stage it should also be noted that Swinden obtained evidence 
which certainly indicates that a compound having the empirical formula 
Fe s W separates from liquid tungsten-iron alloys which contain high per- 




1. 
II, 
III. 
IV. 

V. 



forrito 4- Fo.,C + Fc 2 W. 
: f write -h WO + Fo,W. 

- Fo.,0 + WC 4- Fo,W. 

WC + Fo,W + ? 

Fig. 169. 



centages of tungBten. In view of Arnold and Read's work, it would seem 
that this compound does not exist in annealed tungsten steels, it is probably 
broken up at a temperature below the solidus into Fe 2 W and Fe. Be that 
as it may, we are now able to predict the condition of the carbon and tungsten 
contained in any annealed steel belonging to this class when the chemical 
composition is known. 

The diagram (fig. 169), which is based upon the above chemical evidence, 
represents the various areas of composition in which the carbides of iron 
and tungsten and the tungstide of iron and free iron exist, for all alloys 
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which may be regarded as coming under the heading of steels. This alone 
is a substantial step towards a better understanding of the eifect of tungsten 
upon the critical points occurring in these steels. 

It has already been pointed out that tungsten alone has no influence 
upon the Ar,*, Ar 2 , nor the carbide change providing a temperature of about 
950 0. is not exceeded. This is true, even when an much an 19-0 per cent. 
of that element is present. Since with this quantity of tungsten and only 
0-63 per cent, of carbon present no carbide of iron can exist, it in quite obvious 
that the carbide change at about 700 0. must bo attributed to the deposition 
of tungsten carbide WO, and not to carbide of iron. It may at. first sight 
seem rather remarkable that the carbide \V(' should bo deposited at prac- 
tically the same temperature as Fo 3 (J, but this is not. HO strange when it IB 
remembered that the empirical formula) for the two compounds indicate 
that they have very similar molecular weights vi/,., !<V ;l (' 17*>2 am! 
\V(J 2= 11)6-0. Hence, considered from a purely physico-chemical nt and point, 
the observed effect of tungsten carbide upon the critical points of iron -when 
cooled from temperatures not exceeding 1,000" (!. Ls precisely what miuht 
have been anticipated. For example, if there is any connection between flu* 
known physical law relating to the molecular lowering effect of salts upon 
the freezing points of liquids, and the effect of elements upon the. trans- 
formations in metallic alloys, then compounds such as Ke ;4 (* and Wl\ possess- 
ing almost the same molecular weights, will produce similar physiro -chemical 
effects. Naturally, great care must bo exercised in considering a view of this 
kind, because so much depends upon the solubility of the compound in the 
constituents or phases which are formed at the lower temperature, but 
in the case of iron-carbon and iron-carbon-tungsten steels the solubility 
of their respective, carbides appears to be almost neulii/ible. It is also inter- 
esting to note that the experimental work which has been done indiraten 
that tungsten has little, if any, influence upon the carbon content of tho 
eutoctoid steel. 

As regards the. lowering of the carbide change, which is produced by 
heating tungsten steels above 1,000'' (J., and which is the real cause of the 
self -hardening properties of these alloys, it must bo admitted that there is 
no direct evidence to show exactly what happens at those hkfh tempera! torn. 
There is every reason to believe that when the tungstide. Ft^W is present, 
it progressively goes into solution as the temperature is rained above si HI (*. 
The temperature at which this is completely effect ed depend.s upon the 
amount of compound present being higher a the tungstitle in increased. 
When in solution the temperature of the carbide change* in lowered on eoolini!, 
but it is perhaps an open question whether this lowering is purely due to the 
Fe 2 \ in solution or whether some chemical change also occurs. At tempera- 
tures above 1,000 C. there may be a chemical reaction between the iron 
and tungsten carbide which gives rise to a new compound resulting in thft 
disappearance of the critical point at 700 C., and the. ftppanuiee of another 
point at lower temperatures. In support of this, a Bteel containing 1*07 per 
cent, of carbon and 3*09 per cent, of tungsten, in which there should be no 
free tungstide of iron gives the same lowering of tho carbide change after 
heating to high temperatures. 
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which may be regarded as coming under the heading of steels. This alon& 
is a substantial step towards a better understanding of the effect of tungsten 
upon the critical points occurring in these steels. 

It has already been pointed out that tungsten alone has no influence 
upon the Ar 3 , Ar 2 , nor the carbide change providing a temperature of about 
950 C. is not exceeded. This is true, even when as much as 19*0 per cent, 
of that element is present. Since with this quantity of tungsten and only 
0*63 per cent, of carbon present no carbide of iron can exist, it is quite obvious 
that the carbide change at about 700 C. must be attributed to the deposition 
of tungsten carbide WC, and not to carbide of iron. It may at first sight 
seem rather remarkable that the carbide WC should bo deposited at prac- 
tically the same temperature as Fe 3 C, but this is not so strange when it is 
remembered that the empirical formulae for the two compounds indicate 
that they have very similar molecular weights viz., Ee 3 C = 179-2 and 
WC = 196-0. Hence, considered from a purely physico-chemical standpoint, 
the observed effect of tungsten carbide upon the critical points of ironwhen 
cooled from temperatures not exceeding 1,000 C. -is precisely what might 
have been anticipated. For example, if there is any connection between the 
known physical law relating to the molecular lowering effect of Baits upon 
the freezing points of liquids, and the effect of elements upon the trans- 
formations in metallic alloys, then compounds such as Fe^C and WC, possess- 
ing almost the same, molecular weights, will produce similar physico-chemical 
effects. Naturally, great care must be exercised in considering a view of this 
kind, because so much depends upon the solubility of the compound in the 
constituents or phases which are formed at the lower temperature, but 
in the case of iron-carbon and iron-carbon-tungsten steels the solubility 
of their respective carbides appears to be almost negligible. It is also inter- 
esting to note that the experimental work which has been done indicates 
that tungsten has little, if any, influence upon the carbon content of the 
eutectoid steel. 

As regards the lowering of the carbide change, which is produced by 
heating tungsten steels above 1,000 C., and which is the real cause of the 
self-hardening properties of these alloys, it must be admitted that there is 
no direct evidence to show exactly what happens at those high temperatures. 
There is every reason to believe that when the tungsticle Fe 2 W is present, 
it progressively goes into solution as the temperature is raised above 800'' C. 
The temperature at which this is completely effected depends upon the 
amount of compound present being higher as the tungstide is increased. 
When in solution the temperature of the carbide change is lowered on cooling, 
but it is perhaps an open question whether this lowering is purely due to the 
Fe 2 W in solution or whether some chemical change also occurs. At tempera- 
tures above 1,000 C. there may be a chemical reaction between the iron 
and tungsten carbide which gives rise to a new compound resulting in the 
disappearance of the critical point at 700 CL and the appearance of another 
point at lower temperatures. In support of this, a steel containing 1-07 per 
cent, of carbon and 3-09 per cent, of tungsten, in which there should be no 
free tungstide of iron gives the same lowering of the carbide change after 
heating to high temperatures. 



213 



CHAPTER XVIII. 
HIGH-SPEED TOOL STEELS. 

As an introduction to the development and use of high-speed tool steel, the 
following quotation from a paper by Mr. J. M. Gledhill * may be given. He 
says : kfc It would doubtless have been felt by many but a few years ago 
that there was little left to be said on the subject of crucible tool steel, and 
that something akin to finality had been arrived at in its manufacture and 
general treatment. Probably such feeling was justifiable, when it is remem- 
bered that the making of steel in crucibles is by far the oldest method known, 
dating back from time immemorial, it being indeed impossible accurately 
to trace its origin and earliest development, but it seems certain that carbon 
steel was made and used thousands of years ago for cutting tools. Proof 
of this may be seen by the marvellous carvings and workings on the intensely 
hard stone work of the ancients, for it would be difficult to conceive by what 
means, other than with steel tools, such work could have been executed, 
and it is wonderful that steel-cutting tools should have been used so long 
ago. Archaeologists have discovered that the Chinese made steel in crucibles 
long before the Christian era. ' Wootz ' steel, fabricated in India centuries 
ago, was crucible steel, as also was the celebrated Damascus steel, produced 
at the forges of Toledo, and curiously enough this latter steel furnishes yet 
another proof that * there is nothing new under the sun/ for it has been 
recorded that Damascus steel contained certain percentages of tungsten, 
nickel, manganese, etc., some of the very elements, in fact, contained in the 
present modern high-speed steels, so that a latent high-speed steel may be 
said to have existed centuries ago, and all that was necessary to bring out 
its inherent powers would have been the heating of it in a * paradoxical ' 
manner, so to speak that is, to such a high temperature as was long thought 
would impair or destroy the nature of such steel. 1 ' 

The era of ordinary carbon steel for cutting purposes is generally con- 
sidered to extend up to some time between 1860 and 1870, when Robert 
Mushet succeeded in making tungsten steel. He discovered that, with 
fairly large percentages of tungsten, along with more manganese than had 
been previously used, and carbon in tool steel, conferred on the material 
the peculiar property of being nearly as hard after it was slowly cooled in 
air from 1,000 C. as carbon steels were after the}?' had been water-quenched. 
For this reason, Mushet steel became known as " self -hardening " or kfc air- 
hardening " steel. Moreover, in addition to this " self-hardening " property, 
he also found that tools made from tungsten steel also had the power of 
cutting at much higher speeds and would work for a longer time than carbon 
steels. 

For some considerable time Mushet steel was regarded by engineers as 

* Iron and Steel InsL, 1904, No. 2. 
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a kind of metallurgical curiosity, and was not very widely used until about- 
1890, when it became recognised that its superior cutting powers more thaa 
compensated for the extra cost. Mushet steel did not hold the premier 
position as a tool steel for very long, because an even more remarkable^ 
advance was made in America by Messrs. Taylor and White, who developed 
what became known as high-speed cutting steel. Their first invention con- 
sisted in increasing the percentage of tungsten and introducing about 4-0 per 
cent, of chromium into the steel, and at .the Paris Exhibition (1900) they gave- 
public demonstrations of what were then considered to be astonishing results 
in the cutting speeds of tools. Since then the same investigators have made 
further improvements in the composition of this kind of steel, and an even, 
greater advance in their heat treatment. They found that the cutting 
efficiency of all self-hardening steels is very substantially raised when they 
are hardened by heating the nose or cutting end of the tool to very near its 
melting point i.e., about 1,300 C. The compositions and relative cutting 
values of four kinds of steels, which are typical of the four different eras 
through which we have passed, are given in the following table, which has 
been taken from Mr. F. W. Taylor's paper. 1 : 
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18-91 


5-47 
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Mr. Taylor's valuable paper contains a store of useful information obtained 
from experiments that extended over a period of 25 years, and should be 
carefully studied by those interested in this subject. On p. 190 he says : 
" Our experiments resulted in the following important discoveries : (a) 
That, comparing the self-hardening steel with carbon steel, a gain in speed 
of 4.1 per cent, to 47 per cent, could be made in cutting a hard forging of about 
the quality of tyre steel, whereas a gain of nearly 90 per cent, could be made 
in cutting the softer qualities of metal ; and (b) that by using a heavy stream, 
of water on the nose of a Mushet or other self -hardening tool, a gain of about 
30 per cent, could be made in the cutting speed. These experiments, then, 
indicated clearly that the use of Mushet steel almost exclusively for cutting 
exceedingly hard pieces of metal was the wrong one, since an enormously 
greater quantity of soft metal was cut in the average machine shop than 
of hard metal, and the gain in cutting soft metals was 90 per cent, as against 

l The Amer. Soc. of Mech. JSngrs., 1906, vol. xxviii., pp. 31-350. 
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only 45 per cent, for hard. It thus became evident that, instead of usir 
self-hardening tools only occasionally for cutting extra hard pieces of meta 
they should be used daily throughout the shop on all ordinary work in pla( 
of the ordinary carbon steel tools. From 1900 up to the present time may I 
called the era of high-speed tools, and this has become so completely the cas 
that at the present time a carbon or an ' untreated ' tungsten-manganes 
or tungsten-chromium roughing tool can scarcely be found in an up-to-dal 
machine shop." There is no doubt that the most important discover 
made in connection with high-speed steels., is that which is due to Messr, 
Taylor and White, relating to the high, heat treatment. This may be applie 
to any tool steel containing not less than 0-5 per cent, of chromium and n< 
less than 1 -0 per cent, of tungsten or its equivalent. This treatment, whic 




\ 



goo jw faff do 
Fig. 170, 



Fig. 171. 



Fig. 172, 



would completely ruin ordinary tools, imparts the new quality or propei 
which Taylor has described as " red-hardness," and it is this property whi 
enables these tools to run at their high cutting speeds. , , v 

Taylor distinguishes between the property of hardness and ti 
of " red-hardness," and points out that heating chromium-tungsten ste 
close to their melting point does not give them a greater degree of hardn 
than quenched carbon steels, but it gives them the power of retaining wl 
hardness they have, even after the tool has been heated up to a red he 
In use high-speed tools maintain their hardness and cutting edge, even at 
the nose of the tools and that part of the turnings which is exposed to 1 
friction become red hot. As is well known, the hardness of ordinary cart 
steel tools is, practically speaking, entirely removed at about 350 U 
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tempering. With high-speed steels, however, tempering up to 600 C. very 
materially increases their hardness. 

The effect of heating a hardened steel containing 0-63 per cent, of carbon 
and 19-28 per cent, of tungsten is shown, diagrammatically, in Fig. 171. 
With the exception of the absence of chromium this material is typical of 
a high-speed steel. Tn this instance it will be observed that the Brinell 
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Fig. 173. Tempering Temperatures C. 
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Fig. 174. Tempering Temperatures C. 



hardness of the steel after hardening in an air blast from about 1,300 C. 
is only 500, but that this value does not fall after the material has been beated 
to temperatures up to 500 C. Further, by increasing the secondary heating 
to a little over 600 C. a marked increase in the hardness takes place, and 
reaches a value which is much greater than it was when first hardened. 
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With a steel containing 6-0 per cent, of chromium and 0-63 per cent, of 
carbon, Fig. 170, the Brinell hardness falls from above 700 to well below 600 
after the hardened metal has been heated to 300 C. Between 300 and 
500 becomes a little higher than it was after being heated to 300 C. With 
temperatures above 500 C. there is a rapid fall in the Brinell hardness. 

With a steel containing 18 per cent, of tungsten, 6-0 per cent, of chromium 
and 0-63 per cent, of carbon, the effect of reheating properly hardened samples 
is shown in Fig. 172. Here it will be seen that the steel is very hard in the 
air-hardened state, and that the hardness falls rather markedly as the re- 
heating is raised to 500, but at 600 C. a substantial secondary hardening 
sets in which makes the material much harder than it was in the initially 
air-hardened condition. 

The temperature from which high-speed steels are hardened is perhaps 
the most important in the treatment of this class of steel. Broadly speaking, 
this should be practically as high as possible, short of actually melting the 
metal. This is very clearly represented in Fig. 173, which shows the influence 
of reheating samples of the same high-speed steel referred to above, that 
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were hardened from 1,050 C. In this instance it will be noted that the 
steel loses its hardness more quickly than if it had been hardened from 1,300 
C., and, further, it does not show anything like the same degree ,of secondary 
hardening. The difference in this respect is due entirely to the fact that 
the tungsten in these steels does not completely go into solution until tem- 
peratures approaching 1 ,300 C. are attained ; and since it is to this element 
when in solution that we owe the secondary hardening and the power of 
retaining hardness at high temperatures, little or no return is obtained from 
that costly element unless the tool is heated to a high temperature prior 
to hardening. 

Experiments have been made to determine the variations in the specific 
gravity of high-speed steel after being air-hardened and tempered at different 
temperatures. A series of the results are plotted in Fig. 174 along with the 
hardnesses. A change in the hardness is apparently always accompanied 
with a corresponding alteration in the volume. Thus, with each increase 
of hardness there is an increase of volume. 
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The effect of varying quantities of chromium and tungsten upon the 
hardness of annealed and hardened tool steel is shown in figs. 175 and 176. 
The cutting properties of the same,, steels given in cutting speeds of feet per 
minute are also shown in figs. 177 and 178. 
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Molybdenum, which imparts a self-hardening effect^upon steel similar 
to that of tungsten, was originally used in~~high-speecF steels, but for some 
unknown reasons it did not give such good results, and it is now little used. 
Cobalt has the same effect, and tool steels containing 15-0 per cent, of this 
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element are now in use, but practically no data have been published respecting 
them. 

Small quantities of vanadium very materially improve the cutting 
properties of high-speed steels ; 0-15 to 0-35 are said to be as effective as 
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higher percentages. It is generally considered that the action of this element 
is that of a cleanser of the molten steel, because it frequently happens that 
when the above quantities are used, its presence cannot be detected in the 
finished material, but its beneficial effects are, nevertheless, evident. In all 
probability vanadium degasifies the molten metal by direct combination 
with the oxides and nitrides present, or in some way neutralises their injurious 
effects, such, for example, as rendering them more soluble and preventing 
them being evolved at the time the mass is solidifying in the mould. In- 
vestigations relating to the function of the various elements contained in 
modern high-speed steels have been made by Messrs. Bohler, 1 Osmond, 2 
Le Chatelier, 3 Taylor and White, 4 Carpenter, 5 and the author. 6 
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Bohler found that a steel containing 0'85 per cent, of carbon and 7-78 per 
cent, of tungsten possessed only one critical point at 700 C., if it had not 
been heated to above 1,000 C., but a second point appeared at 550 C. on 
cooling, if the initial temperature was higher than 1,000 C. When cooled 
from temperatures between 1,000 and 1,100 C. both these points existed, 
but the point at 700 C. disappeared if the cooling began from above 1100 C. 
He considered that both these critical points were due to what may be termed 
the carbide change i.e., the temperature at which the carbon separates 
from the y-iron solid solution and that the low point was merely the lower 
limit of the change which was depressed by the retarding action of the 
tungsten present. He also found that, as the percentage of tungsten was 

1 Wolfram und Rapid Stahl, 1903. 

2 Revue de Metallurgie, 1904. 
Ibid. 

4 American Society of Engrs., 1906. 
- Iron and Steel Ind., 1905, No. 1, and 1906, No. 2. 
Ibid., 1908, No. 2. 
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increased, it was necessary to heat to a higher temperature in order to bring 
.about a splitting of the carbide change, and under these conditions the 
temperature of the low change was further depressed. 

He experimented with one high-speed steel containing chromium and 
tungsten, and advanced the view that the chromium and tungsten present 
in high-speed steels lowered the whole of the pearlitie change below that of 
atmospheric temperatures. Thus, these steels become hardened even when 
slowly cooled from high temperatures, because the softening action which 
accompanies the separation of the carbide is avoided. 

The view put forward by Osmond, and supported by Le Chatelier, was 
that the softening which occurs as a result of the change from hardening 
into pearlitic carbon, which takes place at 700 C. in pure carbon steels, i 
retarded by the presence of tungsten, chromium, molybdenum, etc., when 
the mass is cooled from sufficiently high temjxtraturea, and that thin change 
is lowered in proportion as the quantity of those elements IB ruined above 
the eutectoid composition. 

As the result of many experiments on the heating and cooling curvcH 
of high-speed steels, Carpenter concluded that the action of tungBten or 
molybdenum consists in hindering under certain condition!*, and in alto- 
gether preventing under suitably chosen ones, ehangeH in iron-carbon alloys 
which would have for their result the softening of the material, and in addition 
these elements impart a remarkably high resistance to the tempering of the 
hardened tools. For example, the temjmnng of hardened carbon teel 
begins when they are heated to 200 C M whereas the heating curves obtained 
by Professor Carpenter indicate that tempering of high-Hjwed ateeln does 
not begin below 500 to 600 C. He also found that the 7(X) U C. or mrlmln 
ohange point takes place in all these steels if the initial temperature of cooling 
did not exceed 900 C. If the initial temperature WHB anything between 
900 and 1,200, this point was split into two or more partn and spread over a 
range of temperature from about 700" (j. to 300" <J. molybdenum being 
more effective than tungsten in producing this aplit. To nuppreHB completely 
the carbide change and produce the austemtie. structure, which in hard and 
tough, he said, it is only necessary to subject the nose of the tool to a very 
mild quenching, which completes the hardening that the presence of tungsten 
or molybdenum has more or less advanced. 

The author found that steels containing 6*0 per cent, of chromium and 
18-0 per cent, of tungsten gave evidence of only one thermal change on 
cooling at about 380 0., when the initial temperature waR not much above 
1,200 C., and when cooled from about 1,300 C. no critical point whatever 
can be detected on slow cooling. 

A series of heating and cooling curves of a typical modern liighB|^ed 
steel is shown in fig. 179, wherein are clearly illustrated the positionn of the 
thermal changes, as the heat-treatment is modified. Curve No. 1 shows the 
normal carbide change of the steel when cooled from between 900" to 950 * C., 
whilst curve No. 2 is from the same steel when cooled from about 1,300 C., 
which shows that the carbide change lias been completely mtppreaHed. The 
effect of subsequently heating and cooling the same Hpeimen can be seen 
in the remaining curves Nos. 3, 4, 5, 6, and 7, and the splitting of the carbide 
point is evident in No. 8. Considered in the light of theae-curveH. it does 
not seem that the function of tungsten or tungBten along with chromium 



HIGH-SPEED TOOL STEELS. 221 

is that of a mere brake retarding or depressing the carbide, but that there 
is some change of a chemical nature which takes place when these steels are 
subjected to temperatures above 950 C. If the suppression of the critical 
point was merely due to the presence of tungsten and not to the change in 
chemical constitution, one would expect the change to occur at its normal 
temperature in curve No. 6 after heating to 900 C., since an initial tempera- 
ture of 900 C. has no effect upon the carbide change. 

Dr. Swinden has advanced the theory that in the annealed steels the 
tungsten exists as Fe 3 W separated in the mass, and that at the lowering 
temperature this compound goes into solution, and that the carbide of iron 
exists as such m this solution. Then, when this condition is obtained the 
Fe 3 W does not again separate until the low point is reached, and the separation 
of Fe 3 C immediately follows. 

The author expressed the view that a carbide of tungsten is formed at 
the lowering temperature, which is not deposited from solution until the low 
point is reached. In both these cases, however, it is assumed that the 
ordinary A% point at 700 C. is due to the separation of carbide of iron, 
Fe 3 C. The results which have recently been published by Professors Arnold 
and Read cast^very considerable doubt upon this view, because they have 
shown that, with the percentages of carbon and tungsten usually present 
in high-speed steels, the carbon is in combination with the tungsten and not 
with the iron (see Chapter XVII). 

Hence, before it is possible to say with any certainty what is the exact 
change that occurs when these steels are heated to above 1,000 C., much 
mote work is required. It is, however, known that the hardening which is 
produced by heating to high temperatures followed by relatively very slow 
cooling is caused by the action of the tungsten which suppresses the carbide 
change, and, further, that the chromium contained in these steels increases 
the rate of wherever reaction occurs at the high temperature, and materially 
improves the cutting properties of the tools. 

Microstructures. 

Although the comparison of high-speed steels vary within very con- 
siderable limits, it is a very remarkable fact that their structures as seen 
under the microscope are almost identical. Thus, fig. 180 is the typical 
microstructure of annealed steels containing 0-65 per cent, of carbon with 
from 3-0 to 7-0 per cent, of chromium and from 0-0 to 18*5 per cent, of 
tungsten. All these steels show the same kind of granular pearlite, and no 
appreciable difference can be detected in any of them. 

A typical structure of hardened high-speed steel is illustrated in fig. 181, 
which consists of austenitic polygonal crystals. 

The effect of tungsten upon the structure of the hardened steels is clearly 
indicated in figs. 182, 183, 184, and 185, from which it will be seen that 
as the percentage of tungsten is lowered the acicular or martensitic markings 
increase. 

It was shown by the author that when hardened high-speed steels are 
heated to about 650 C. a new and very brittle constituent is formed (fig. 186). 
It was suggested that high-speed tools fail when cutting at their maximum 



222 THE PHYSICO-CHEMICAL PROPERTIES OF STEEL. 

speed, not so much, because they lose their hardness, but because this" brittle 
constituent is then formed and renders the cutting edge of the tool incapable 
of standing up to the work. The structure of the lip surface of a tool after 
it had been cutting at its maximum speed is shown in fig. 187. It will be 
noticed that after this treatment the steel, which in the first place consisted 
almost entirely of polygonal austenitic crystals, has been almost completely 
converted into the martensitic structure. It may also be noted that inside 
the long white areas there are indications of the above-mentioned brittle 
constituent. 

This transformation from the austenitic into the martensitic structure 
is particularly interesting, in view of what Mr. F. W. Taylor says about 
the second or low heat-treatment which he recommends. This treatment 
consists in reheating the hardened tool to a temperature of 600 to 670 C. 
After this heat-treatment the cutting pioperties of the tool are improved. 
He also says that if the tool is allowed even for a short space of time to rise 
in temperature beyond 670 C., its property of red hardness will be seriously 
impaired, and its cutting speed greatly reduced. The beneficial effect of the 
second heat-treatment can be produced by running the tool under the friction 
of the clip until the temperature of its nose has been raised to something 
below 670 C., after which the tool can be run at much higher cutting speeds 
than it would otherwise be capable of doing. 

In view of the increased hardness which is produced by heating these 
steels up to temperatures of 600 C. (see fig. 174), this low heat- treatment 
now becomes easy to understand, but it would seem that the upper limit 
is at 600 C., because heating to slightly higher temperatures very materially 
reduces the haidness of the steels. 



HI&H-SPEED TOOL STEELS. 



223 




Fig, 180. Typical Structure of Annealed High-Speed Steel, x 150, 




Fig. 181. Typical Structure of Hardened High-Speed Tool Steel, x LOGO. 
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' Fig. 182,- X 150, 




Fig. 183. x 1,000. 
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Fig. 184. x 150. 




Fig. 185. x 1,000. 



Carbon, 
Chromium, 

Tungsten, . 



65 per cent. 
6-0 
3-08 

15 



I THE PHYSICO-CHEMICAL PROPERTIES OF STEEL. 




Fig. 186. Tempered High-Speed Steel. X 1,000. 




Fig.-187. Structure of High-Speed Tool Steel after Cutting at iV 
Speed for 20 Minutes. 
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CHAPTER XIX. 
MANGANESE 

THE element manganese is extensively used in the metallurgy of steel. To 
ordinary steel it is usually added in the form of spiegel, in the bath, 
or later, as ferro-manganese, after the metal has been refined and tapped 
into the easting ladles. The two principal reasons for making this addition 
are, first, to reduce any oxides which are invariably formed during the final 
stages of steel-making, and which would otherwise remain in the solid metal, 
making it hot and cold-short i.e., unworkable and, second, to combine 
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with the sulphur as manganese sulphide, in which state the sulphur is rela- 
tively harmless. The manganese which is in excess of these requirements 
has the effect of raising the hardness and tensile strength of the steel The 
extent of its influence in this direction has been carefully examined by 
Campbell (see Chapter VII. , p. 102). 

The chemical relations of iron, carbon, and manganese have been examined 
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by Dr. Stead, 1 Professors Arnold and Bead, 2 and others. By a chemical 
method of separation Stead obtained, from a steel containing 1*77 per cent, 
of carbon and 12-18 per cent, of manganese, a carbide residue which con- 
tained 17-19 per cent, of manganese. Arnold and Bead's careful determina- 
tions were made with a set of twelve steels with carbon and manganese 
varying respectively from 0-78 to 1-07 per cent, and 0-41 to 19-59 per cent. 
They used an electrolytic method, which was practically the same as that 
by which they isolated the carbide of iron, Fe 3 C from carbon steels. The 
figures they obtained are given in Table XXXVIII, and the manganese content 




2 3 4 5 6 78 
Percentage Manganese. 
Fig. 190. 

of the residues are plotted as vertical ordinates, and the percentage of man- 
ganese in the steels as horizontal ordinates in fig. 188. The one striking 
feature about these results is that the manganese in the residues remains 
practically constant for steels containing from 4-98 to 13-38 per cent, of 
manganese. Even with these careful determinations at hand, the authors 
were unable to say whether the iron and manganese in the carbides are 
there as double compounds or simply as mixtures of iron and manganese 
carbides. This uncertainty is particularly evident when it is remembered 
that in many cases less than 70 per cent, of the total carbon contained in 
the steels was found in the residues. The authors say : " It would appear 

1 Journ. Iron and Steel Inst., 1894, No. 1, p. 192. 
* Journ. Iron and Steel lnt. t 1910, No. 1, p. 169. 



230 



THE PHYSICO-CHEMICAL PROPERTIES OF STEEL. 



that-Idle carbides from steels containing up to 4-98 per cent ot manganese 
are simply mixtures, and possibly a considerable amount of a true douUe 
carbide, 3Fe 3 C, 'MiyO, is present in steels containing from 4-98 to 13*38 per 
cent of maianese I" Another point of interest, which was first noted by 
Stead, is that manganese carbide gives no colouration in the carbon colour 
test similar to the well-known brown colour obtained with iron carbide, 
when dissolved m nitric acid (specific gravity 1-20). This observation has 
been amply confirmed by Arnold and Bead, who graphically illustrated 
their results as in fig,, 189. . 

The effect of manganese upon the critical points of iron was determined 
by Osmond. 1 He found that these changes are almost progressively lowered 
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with increasing percentages of manganese (see fig. 190). The magnetic change 
is lowered at a quicker rate than the carbide change, until with about 3-0 per 
cent, they are coincident at a little above 400 0. A steel with 045 carbon 
0-11 silicon, and 4-0 per cent, of manganese has one transformation at 
300 C. With 0-32 carbon, 0*26 silicon, and 5-0 of manganese the change 
occurs at 100 C. .. u With from 7 .to 12 per cent, or., more of manganese no 
transformation takes place on cooling dowi} to the ordinary temperature. 
, , ' l L'Acadtmie des Science* I897i 
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As a result of this lowering of tlie thermal critical-points the magnetic per- 
meability decreases with increasing percentages of manganese, and when no 
transformation occurs above C., as is the case when more than 7 or 
8 per cent, of manganese is present, the steels are practically non-magnetic. 

The only commercial manganese steel unpractical use is that discovered 
by Sir R. Hadfield, and almost invariably described as " Hadfield's manganese 
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steel" It usually contains from 12 to 14 per cent, of manganese, together 
with about 1-5 per cent, of carbon. 

The mechanical and other properties of steels containing varying per- 
centages of manganese have been very thoroughly investigated by its 
inventor, 1 and later by Dr. Guillet, 2 who has confirmed and extended these 

1 Proc. Inst. of Civil Engs., vol. xoiii. ; aad the J&wrn. Iron and Steel Inst., No. 11, 1888. 

2 Bulletin de la Societe d' 'Encouragement pour I* Industrie Nationale, vol. cv., pp. 421-434. 
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observations. Some of the results obtained by Hadfield are given in Table 
XXXIX., and plotted in figs. 191 and 192. 

Considering the steels in their normal rolled condition, it will be noticed 
that the first effect of manganese is considerably to raise tne tensile strength 
and lower the elongation, with 2-3 per cent, of manganese the figures are 
respectively 56 tons per square inch and 6-0 per cent, on 8 inches. With 
from 3 '89 to 7-22 per cent, of manganese they are exceedingly brittle, as 
is indicated by the low ultimate stress and inappreciable elongation. There 
is a marked improvement in the tensile properties as the manganese content 
is raised from 7-5 to 12-7 per cent., but with further increase the elongation 
is generally below 2-0 per cent. ; the only exception being the steel with 
21-69 per cent, of manganese, which gave an elongation of 9-0 per cent. 
Some of the irregularities in the mechanical properties of these steels are 
to some extent accounted for by the variations in the percentages of carbon. 

The most remarkable property of these steels, which was discovered by 
Hadfield, is their power of being toughened by a treatment which would 
cause brittleness, water cracking, and other defects in carbon steels. This 
process of " water toughening " consists in heating to a high temperature 
1,000 to 1,100 C., followed by relatively quick cooling in air, oil, or water. 
It can be applied with equally good results to material in its cast or rolled 
condition. The advantages obtained are most noticeable when the man- 
ganese content is between 10 and 14: per cent. Thus, for example, by heating 
and then quenching in water the tensile strength can be raised to 65 tons 
per square inch, whilst the elongation is also raised from about 6-0 to 6-5 per 
cent, on 8 inches. It is a very remarkable fact that this increased ductility, 
or what may be regarded as greater softness, renders the steel but little 
easier to file. 

Speaking of the peculiar kind of hardness of manganese steels. Sir Robert 
Hadfield says : " It is difficult accurately to describe this quality, because 
all the specimens are exceedingly hard in their cast and forged condition ; 
in fact, it is scarcely possible to machine any of them on a practical scale, 
yet such hardness varies considerably in degree, being most intense in the 
cast material containing 5 to 6 per cent, of manganese, which no tool will 
face or touch. A gradual decrease then occurs, and when about 10 per 
cent, is reached the softest condition occurs. Then an increase again takes 
place, and at 22 per cent, it is very hard, still not so much so as the 5 per 
cent. Although the 8 to 20 per cent, steels can be machined, it is only with 
the utmost difficulty, as will be seen from the following example : The 
test bar (No. 22 B.), containing 14 per cent, of manganese', which gave an 
elongation of 4A -5 per cent, without fracture, and had a tensile strength of 
67 tons, was put under a double-geared 18-inch drill. Over an hour was 
occupied in drilling one hole | inch in diameter by f inch deep, and even to 
do this it was requisite to run at the lowest speed, or the edge of the drill 
would have given way. . . . Yet this specimen could be indented by 
an ordinary hand hammer, so that whilst so hard it may be said to possess 
' a special kind of softness.' Although when being turned, it appears harder 
than chilled iron, its softness is particularly noticeable when testing the 
material for compression,'' 
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CHROMIUM. 

CHEOMIUM is employed as a special addition to steels which consist almost 
exclusively of iron-carbon and chromium, but it is even more widely used 
in conjunction with other elements, such as nickel or tungsten, etc., in quater- 
nary steels. 

A study of its influence in the ternary steels is necessary, not only to 
understand how such steels should be treated, but^ in order to determine 
its function in the more complicated quaternary mixtures as well. There 
can be no doubt that the action of this element, whether in ternary or quater- 
nary mixtures, is, broadly speaking, that of a hardener. It is, therefore, 
used either to raise the tensile strength of steel for certain special mechanical 
purposes, or to increase the abrasive hardness, as in the case of tool steels, 
or the resistance to penetration, as in the case of armour plates, etc. 

Osmond 1 considered that chromium might exist in three conditions, 
which might or might not exist together according to the composition of 
steel. These are as follows : 

1st. In the state of dissolved chromium (in the iron). 

2nd. As a compound of chromium, iron, and carbon, which exists in the 
form of isolated globules. 

3rd. The above compound may exist in the form of a solid solution in 
the iron. 

By a chemical means of separation Carnot and Gontal 2 obtained a residue 
corresponding to the formula Fe 3 C, 3Cr 3 C from a ferro-chromium, and 
3Fe 3 C '+ Cr 3 C 2 from two chromium steels. 

TABLE XL. 



Analysis. 


Percentage of 
Total Carbon 
obtained in 
Carbide 
Residue. 


Analysis of Carbide. 


Corresponding to 
Formula. 


Carbon. 


Chromium. 


Carbon. 


Chromium. 


Iron. 


0-64 


0-65 


94-28 


6-95 


4-12 


88-93 


} 


0-64 


0-65 


99-37 


7-08 


4-56 


88-35 


V 20Fa,C, Cr 3 C 2 . 


0-64 


0-65 


98-84 


7-12 


4-41 


88-47 


1 


0-84 
0-84< -'- 


0-99 
0-99 


85-72 
82-17 


7-20 
7-27 


6-99 
7-22 


85-80 
85-51 


1 12Fo 3 C, CrA- 


0-835 


4-97 


85-54 


9-04 


45-67 


45-29 


) 4Fe,A 3OA> 


0-835 


4-97 


80-73 


8-69 


45-81 


45-52 


/ Cr 4 C. 


0-85 
0-85 


10-15 
10-15 


87-05 

84-77 


8-16 
8-23 


63-51 
62-83 


28-38 
28-93 


\Fe.C, CrA, ' 
j Cr 4 C. 


0-88 


15-02 


97-41 


6-05 


59-34 


34-60 




0-88 


15-02 


99-70 


5-96 


59-49 


34-54 




0-85 
0-85 


19-46 
19-46 


99-19 


5-58 
5-21 


60-93 
62-13 


33-49 
32-66 


-2Fo 3 C, 3O 4 C. 


0-85 


23-70 





5-05 


62-83 


32-12 


> 



1 Report on Six Robert Hadfield's paper, Iron and Steel Inst., No. 2, 1892. 

2 Oomptes Eendus, 1898, vol. cxxvi., p. 1243. 
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Professors Arnold and Bead 1 have conducted a series of experiments 
in order to determine the chemical constitution of annealed chromium steels. 
The steels they examined contained from 0-64 to 0-85 per cent, of carhon 
and 0-65 to 23-7 per cent, of chromium. The results they obtained are 



10" 

T 




C 



80-] 



5 10 fS 20 

Percentage of Chromium in Steel 

Fig. 193 



25 



k. 

O 



v 5 -ft 75 20 J5 f 

Percentage of Chromium 'ft Steel. 

Fig. 194. 

given in Table XL., and the percentages of chromium and carbon co: 
tained in the carbide residues obtained from the various steels are plot* 
graphically in figs. 193 and 194. . 

The effect of chromium upon the temperature at which the normal critic 
points of iron and carbon steel occur was very carefully investigated 1 
Joum. Iron and Steel In*t., No. 1, 1911, p. 249. 
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Osmond, who worked with Sir Eobert Hadfield's steels, and published the 
results in a report on the latter 's paper. These results are extremely inter- 
esting, and should be carefully studied, because they show that chromium 
occupies what may be regarded as a unique position in the metallurgy of 
steel. The position of the critical points on cooling from 1,030 C. are given 
in Table XLI. It will be noticed that there is a tendency for the tem- 
perature at which the A^ change takes place to be raised as the percentage 
chromium is increased. 

Working with other steels, and considering the Ar^, point, Professor 
Carpenter 1 says : " Increase of chromium tends to raise the critical point. 
Thus, comparing the values obtained on cooling from about 900 C. : 

" STEELS USED BY PROFESSOR CARPENTER. 

Composition. 
Carbon. Chromium. Ar L Change, 

0-29 3-24 738 C. 

0-54 1-12 729 C. 

1-09 9-55 776 C." 

He regarded the raising of this critical point " as due either to chromium 
or chromium jointl}*- with carbon." From other considerations the present 
author 2 concluded that the latter is the correct view. All the above results 
refer to the temperature of the change when the steel is cooled slowly, and, 
considered alone, they certainly indicate that chromium facilitates the 
change. There is, however, another view to take namely, variations in 
the rate of cooling. It was shown in Sir R. Hadfield's work that some of the 
steels experimented with are extraordinarily sensitive to moderately quick 
cooling in air. This is especially so for steel No. 5, Table XLI., which, 
as Osmond said, "is as well hardened by simply cooling in air as ordinary 
carbon steels by quenching in water." This was explained by the fact that, 
although the cooling velocity is not so great, the presence of the chromium 
acts in the same way in suppressing the change. 

Kikkawa and the author have obtained definite evidence in this 
connection by taking cooling curves (fig. 195) from a constant temperature 
at known varying rates of cooling over a determined range of temperature. 
These curves very clearly illustrate what may be justly termed " the critical 
cooling velocities" for a steel containing 6-15 per cent, of chromium and 
0-63 per cent, of carbon, for they show that if the cooling from 1,230 C. 
to 550 C. takes place in 16 minutes the carbide change is suppressed, 
and the steel is as hard as water-quenched carbon steel, whereas if the 
cooling over the same range of temperature takes 30 minutes, the material 
is practical in the soft annealed state as a result of the change having 
occurred. In addition to this remarkable effect which is produced by such 
comparatively insignificant variations in cooling, it should be noted that 
the effect of initial temperature is equally important. Whilst this has not 
yet been so thoroughly elucidated, Kikkawa and the author have obtained 
some instructive results, which are given in Table XLIL, and plotted 

1 Journ. Iron and Steel Inst., No. X, 1905, p. 433. 
*Journ. Iron and Steel Intl., No. 2, 1908, p. 104. 
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in fig. 199. These show the Bxinell hardness numbers of the same chromium 
steel after heating cubic-inch specimens in a furnace to the temperatures 
mentioned, and then taking them out of the furnace and allowing them to 
cool on an asbestos pad in air. 
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Another method of illustrating the influence of initial temperature H 
depicted in fig. 196. In this case the samples were heated to the six re- 
corded temperatures maintained at those temperatures for half-an-hour, 
and then cooled at certain known rates. The rates of cooling, which are 
plotted, correspond to the times taken in cooling -over the same range of 
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temperature in each case namely, from 836 C., which is 25 C. above the 
thermal change on heating, to 546, which is well below the normal temper- 
ature of the corresponding change on cooling. After each experiment the 
Brinell hardness was determined, and these have been plotted against the 
cooling rates. The chief characteristics of the cooling curve obtained are 
the same as those shown in fig. 195. The horizontal branch of the hardness 
curves correspond with the cooling rates which permitted the whole of the 
carbide transformation to take place at approximately the normal tem- 
perature, and the sudden rise in hardness with the beginning of the suppression 
of that change. It will be noticed that even though the whole of the carbide 
change occurs with comparatively slow rates of cooling from each initial 
temperature, the hardness of the steel increases quite considerably with the 
initial temperature from which it was cooled. Further, with any given rate 
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of cooling the hardness of the metal increases with the temperature to which 
it was heated. These results very clearly demonstrate that both the degree 
of hardness attained and the facility with which a steel of this kind is hardened 
becomes greater as the initial temperature is raised. /.The precise cause of 
the difference which is produced in this way is not known with any certainty. 
The view which was provisionally advanced by Messrs. Kikkawa, Green- 
wood, and the author 1 was that the chromium carbide (Cr 8 C 2 ) first goes 
into solution as (Cr 3 C 2 ) 2) and is then progressively dissociated into Cr 3 C 2 as- 
the temperature is raised. When the steel is again being cooled these 
molecules only slowly re-associate, and thus the molecular effect of the dis- 
solved chromium carbide is greater as the initial temperature and molecular 
dissociation increases. This increased number of molecules in solution then 
enables the carbide point to be more readily suppressed. In a remarkably 
l Journ. Iron and Steel Inst., 1916, No. 1. 



CHROMIUM. 



241 



good investigation on the magnetic transformation points of chromium- 
carbon steels, Takejiro Murakami 1 considers that dissociation of the carbides 
in solution occurs when the temperature is progressively raised above the 
Acj point, but he is of the opinion that the reaction which occurs is expressed 
by the equation 

2Cr 4 C = Cr 3 C 2 +5Cr. 

The above-mentioned critical cooling rates are, as would be anticipated, 
very materially influenced by the carbon and chromium contents of the 
steel. The influence of carbon in this connection is clearly indicated in 
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Fig. 198. Cooling Bate in Minute:. 
TABLE XLII. 



Temperatures from which the 
Specimens were cooled in Air. 


Brinell Hardness Numbers. 


800 0. 


288-3 


870 C. 


313-6 


930 C. 


494*3 


955 C. 


606-3 


1,025 0. 


646-9 


1,060 C. 


641-7 



fig. 197, in which are represented the hardnesses, plotted against cooling 
rates, of three steels containing different percentages of carbon, but practically 
the same amounts of chromium. The compositions of the three specimens 

A , 6-18 per cent, chromium. 0-37 per cent, carbon. 



The data for the steel containing 12-6 per cent, of chromium and 0-28 
per cent, of carbon are plotted in fig. 198. 

1 Science Reports of the Tdhoku Imperial University, vol. vii., No. 3. p. 217. 
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TABLE XLIII. COMPOSITION OF HADFIELD'S CHROMIUM 

...... STEELS. 



No. 


Carbon. 


Silicon. 


Sulphur. 


Phosphorus. 


Manganese. 


Chromium. 


I 


0-07 


0-07 


0-09 


0-04 


0-11 


0-22 


2 


.0-16 


0-07 


0-10 


0-04 


. 0-18 


0-29 


3 


0-15 


0-10 


0-09 


0-04 


0-21 


0-48 


4 


0-14 


0-08 - 


0-09 ^ 


D-04 


0-25 


0-57 


5 


0-12 


0-08 


0-10 


0-04 


0-18 


0-84 


6 


0-27 


0-12 


0-13 


0-04 


0-21 


1-18 


7 


0-21 


0-14 


0-09 


0-04 


0-12 


1-51 


8 


. 0-39 


0*14 


0*11 


, ...0-04 


0-25 


-2-54 


9 


041 


0-18 


0-10 


0-04 


0-28 


3-17 


10 


0-77 


0-50 


0-11 


0-04 


0-61 


5-19 


11 


0-86 


0-31 


0-13 


0-03 


0-29 


6-89 


12 


0-71 


0-36 


0-10 


0-03 


0-25 


9-18 


13 


1-27 


0-38 


0-10 . 


0-03 


0-25 


11-13 


14 


1-79 


0-61 --- 


0-08 


0<04 


0-28 


15-12 


15 


2-12 


1-20 


0-10 , 


0-04 


0-22 


16-74 
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The mechanical properties of chromium steels have formed the subject 
of an important paper by Sir Eobert Hadneld already referred to. Some of 
the more important data contained therein are embodied in Tables XLI1L, 
XLIV., and XLV. From these figures it will be seen that increasing per- 

TABLE XLIV. MECHANICAL PPOPERTIES or EOLLED BARS 

(UN ANNEALED). 



No. 


Elasti Limit. 


Ultimate Stress. 


Elongation. 


Reduction of Area. 




Tons per sq. inch. 


Tons per sq. inch. 


Per cent. 


Per cent 


1 


19-50 


28-00 


38-65 


64-12 


2 


21-00 


28-00 


41-95 


67-06 


3 


22-50 


31-00 


37-75 


43-92 


4 


21-00 


29-00 


41-00 


68-48 


5 


22-00 


31-50 


40-00 


62-14 


6 


26-00 


39-50 


33-80 


56-22 


7 


24-00 


38-00 


37-10 


64-12 


8 


29-50 


54-00 


26-75 


51-98 


9 


30-00 


64-00 


21-65 


43-84 


10 


40-00 


74-00 


13-05 


20-16 


11 


40-00 


72-50 


13-55 


26-74 


12 


30-00 


61-00 


17-65 


27-58 


13 


30-00 


2-00 


10-38 


11-66 
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TABLE XLV. MECHANICAL PROPERTIES OF ANNEALED BARS. 



No. 


Elastic Limit. 


Ultimate Stress. 


Elongation. 


Reduction of Area. 




Tons per sq. inch. 


Tons per sq. inch. 


Per cent. 


Per cent. 


1 


16-50 


24-00 


45-20 


68-20 


2 


17-00 


25-00 


45-55 


" 65-90 


3 


18-00 


27-50 


44-90 ' 


61-98 


4 


15-00 


25-50 


46-60 


69-04 


6 


19-00 


28-00 


42-50 


61-20 


6 


20-00 


36-00 


32-95 


46-80 


7 


19-00 


33-50 


38-07 


55-88 


8 


24-50 


44-00 


22-50 


33-84 


9 


21*50 


47-50 


24-05 


35-46 


10 


20-00 


55-00 


8-20 


6-88 


11 


19-00 


41-00 


34-75 


45-52 


12 


18-00 


44-00 


25-00 


32-82 


13 





33-00 


. . 




14 


19-50 


44-00 


9-55 


7-84 


15 


.. 









centages of chromium bring about a substantial increase in the tensile 
strength of the, steels, with a corresponding diminution in the ductility. 
This is the case until about 5-19 per cent, is present, after which further 
additions appear to soften the metal {.-?., increase the ductility and lower 
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the tensile strength. This softening is quite marked, when it is remembered 
that in the steels mentioned the percentage of carhon was somewhat irregular, 
and with one exception was higher as the percentage of chromium was raised 
above 5-19. 

Perhaps a better idea of the effect of chromium can be gained on exam- 
ining figs. 200, 201, and 202, taken from Dr. Guillet's work, 1 in which are 
illustrated the hardness and tensile properties of two series of steels containing 
respectively 0*20 and 0-80 per cent, of carbon with varying percentages of 
chromium. It will be noticed that in the series with 0-20 per cent, of carbon 
the maximum hardness is reached with about 10-0 per cent, of chromium, 
whilst with 0-80 per cent, of carbon the corresponding maximum occurs 
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at 14-5 per cent, of chromium. With the 0-20 per cent, carbon series the 
highest tensile strength is obtained with 7-5 of chromium, but at 2-0 per 
cent, of chromium with 0-80 of carbon. From what has been said in regard 
to the effect of slight variations in the rate of cooling upon the carbide change 
in chromium steels, and also of initial temperature upon the hardness of 
air-cooled specimens, it is clear that these steels are extremely sensitive 
to heat treatment. In fact, the element chromium imparts to steel a much 
greater degree of the property known as " air hardening " than the element 
tungsten.. On the other hand, air-hardened chromium steels lose their 
hardness at a low temperature, but this tempering of the steel is rendered 
more difficult by the addition of tungsten. 



1 Revue de Metallurgie, 1904, pp. 155-183. 
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CHAPTER XXL 
ALUMINIUM, SILICON, AND VANADIUM. 

THE effect of aluminium and silicon upon steel may conveniently be con- 
sidered together, since their action is in many respects very similar- 1^ 
small quantities they are both very widely used in steel metallurgy fo'r the- 
purpose of improving the casting qualities of the metal, and in the manu- 
facture of what is known as " ingot iron," which is practically pure iron made 
in basic open-hearth steel furnaces, even traces of aluminium have a very 
pronounced influence in this respect,, and also make the material much; more- 
suitable for rolling purposes. This is brought about by the reduction of the 
oxide, of iron, which may be dissolved in the liquid metal, and also, as Brinell 
has shown (see Chapter VI.), by increasing the solubility of gases such as- 
nitrogen and carbon-monoxide in the solid metal. This increased solu- 
bility delays the separation of the gases from the mass during its solidifica- 
tion, and thus hinders the formation of blowholes in the ingot. 

By carefully controlling the percentage of aluminium and silicon irt 
ingot iron, or steel, blowholes can be completely prevented. If, however, 
too much aluminium or silicon be used, the metal mil be what is technically 
known as " killed," and- will undergo relatively considerable contraction 
during solidification, with the result .th^tj large deep-seated pipe cavities are 
formed in the ingot. 

Steels containing about 0-75 per cent, of aluminium or silicon are very 
difficult] to cast ; they are viscid and sluggish. This is due to the presence 
of the oxides of alumina or silicon on the surface- of the liquid metal, which 
are very tenacious, and form on all freshjv exposed surfaces. Owing to the 
same cajuse, the introduction of ^aluminium to almost all other metallic 
alloys gpes the same trouble, and makes it a difficult matter to produce- 
sound castings unless special precautions be taken. In the case of aluminium 
bronzes, it has been shown by Professor Carpenter and the author 1 that 
this troublesome feature can be entirely overcome by pouring the metaL 
into thel mould in such a way that the surface of the liquid after entering; 
the .ntould is not disturbed to an appreciable extent. 

So far as is known, neither aluminium nor. silicon in steel have any effect- 
upop,th. chemical relations of carbon and iron. In other words, the carbon 
in such steel when in the annealed condition is present as the carbide Fe 8 C. 

The most important publications relating to the mechanical properties 
of aluminium steels "are those of Sir Eobert Hadfield 2 and Dr. Guillet, 3 and 
for silicon steels Sir Kobert Hadfield. 4 Dr. Guillet, 5 Professor Turner, 6 and 
Mr. T. Baker. 7 

- * Inst. Mech. Engs., 1910. 

2 Journ. Iron and Steel lnst. t 1890, No. 2. 

3 jRevuede M etallurgie, 1905, pp. 312-3271 

* Journ. Iron and Steel Inst., 1889, No. 2, p. 222. ' 

' 5 Eevue de Metallurgie, 1904, pp. 46-67. 

6 British Association Meeting, 1888. 

7 Journ. Inst. of Elec. Engs., vol. xxxiv., p. 498, 1905. 
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tensile properties of the steels. With 7*0 per cent, the metal "becomes 
brittle (see fig. 203). Shock tests, /however, reveal 'that; althptigh sinalji 
percentages of almrdnium have no i^ is evident 

with "2 '0* per 'cent. Aluininram does' flot appeai" to have any effect upon the 



248 THE PHYSICO-CHEMICAL PBOPERTIES OF STEEL. 

mechanical properties of steel containing about 0-75 per cent, of carbon 
(fig. 204). This applies both, to tensile and shock tests. 

The mechanical properties of silicon steels, as determined by Dr. Guillet, 
are given in figs. 205 and 206. The chief feature to note is that the 0-20 per 
cent, carbon series becomes exceedingly brittle with about 5*0 per cent, 
of silicon. In both series the elastic limit and tensile strength are somewhat 
higher than pure carbon steels of similar carbon content. 
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Vanadium Steels* In view of the fact that vanadium is no^ 
' used in a great many special steels, and particularly in those employed 
in the motor-car industry, and also high-speed cutting tools, a knowledge 
of its action upon carbon steels is a matter of first importance. It is claimed 
that small quantities of this element added to liquid steel produce a marked 
improvement in the mechanical properties of the metal, and certainly increase 
the cutting efficiency of tool steel. These improvements have been observed 
even when the presence of the element cannot be detected in the finished 
material. ^ In such cases it is generally considered that it acts as a cleanser 
by removing or neutralising the gaseous impurities contained in the liquid. 
Quite apart from its action in this respect, low percentages of vanadium 
are decidedly advantageous, and it is only the high cost which prevents it 
being more extensively used. 
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As regards the chemical constitution of vanadium steels, W. Giesen 1 
states that with low percentages the vanadium is completely held in solid 
solution by ferrite, which will dissolve up to 0-6 per cent, of vanadium. 
Nicolardot 2 obtained a residue from a steel containing 04 per cent, of carbon 
and 1-5 per cent, of vanadium, which corresponded in composition to the 
formula Fe 3 C, 38(V 3 C 2 ), and Fe 3 C, 60(V 3 C 3 ) from a steel with 0-80 per cent. 
of carbon and 10 per cent, of vanadium. Putz 3 found that steels containing 
1-64 of vanadium and 2*0 of carbon contained the vanadium as V 2 C 3 . 
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Fig. 206. 

Very complete and systematic determinations relating to the chemical 
constitution of vanadium-carbon steels have been made by Professors Arnold 
and Bead 4 Their investigations were made with steels containing from 
0-00 to 1-1*0 per cent, of carbon and from 0-71 to 1345 per cent, of vanadium. 
The data thev obtained are given in Table XLVL, and the more important 
details are plotted in figs. 207 and 208. These results clearly indicate that, 
as the vanadium in the steels increases, the amount of iron found in the 
carbide residue falls and the percentage vanadium in the same increases. 

* Journ. Iron and Steel Inst., 1909, Carnegie Memoir, vol. i. 

* Le Vanadium, 1905, p. H7. 
Metallurgies 1906, p. 651 . 

* Journ. Iron and Steel ln*t., 1912, No. 1, p. 215. 
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This displacement of the iron by vanadium is practically complete in steels 
containing more than 5 81 per cent, of the latter element and less than I'lO 
per cent, of carbon. The carbon then exists as carbide of vanadium, V 4 3 . 
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The authors mentioned in their paper that " the steels dissolved quite readily, 
and with each member of the series vanadium was found in the hydrochloric, 
acid solutions " ; this fact supports G-iessen's statement that ferrite dissolves 
vanadium, 

TABLE XLVI. 



Analysis. ; 


Percentage of 
Total Carbon 
obtained in 


Analysis of Carbide. 


Corresponding to the 






Carbide 








Formula. 


Carbon. 


Vanadium. 


Besidue. 


Carbon. 


Iron. 


Vanadium. 




0-60 


0-71 


95-77 


" 7-61 


- 83-71 


8-68 




0-60 


0-71 


96-98 


7-"66 


83-69 


8-65 


1 1 1?^ r< i \T n 

" J.JLJD tJjjv^ J V 4 wfl. 


0-60 


0-71 


92-71 


7-49 


83-27 


9-24 




0-63 


2-32 


88-10 


10-66 


54-60 


34-74 




0-63 
0-63 


2-32 
2-32 


82-80 
91-20 


10-44 
10-63 


54-71 
53-30 


34-86 
36-07 


-2Fe 3 C-j-V 4 C 3 . 


0-93 


5-84 


99-15 


15-94 


0-54 


83-52 ^ 




0-93 


5-84 


98-19 


15-94 


0-47 


83-59 




0-93 


5-84 


97-63 


16-05 


0-83 


83-12 




1-07 


10-30 


96-76 


15-03 


1-04 


83-93 


V 4 C 3 . 


1-07 


10-30 


95-22 


15-00 


0-63 


84-37 




MO. 


13-45 


99-78 


14-12 


0-82' 


85-06 




1-10 


13-45 


99-06 


13-76 


1-27 


84-97 





Professors Arnold and Bead also made some very interesting observationa 
in regard to the effect of vanadium upon the critical points of iron. Thus, 
they found that a steel containing '63 per cent, of carbon and 2-32 per 
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-cent, of vanadium, when cooled from 1,020 C., did not show any point 
Corresponding to the Ar s change. The Ar 2 appeared at 791 C., and the Ar t , 
which was very small considering the amount of carbon, occurred at 720 C. 
A steel with 1-07 of carbon and 10-3 of vanadium, when cooled from 1,210 C., 
gave no evidence of the Ar 3 or A^ points, the Ar 2 appeared at 830 G. 
Further, this steel, when rapidly quenched from 1,050 C., was quite soft 
to the file. These are most remarkable facts, and are exceedingly interesting, 
because no other element is known to have the same effect. The absence 
of the Ar x point certainly indicates that the t carbide of vanadium is only 
soluble in y-iron at very high temperatures. The disappearance of the Ar 3 
change, or, more correctly, the raising of the change, strongly suggests that 
this is brought about by the vanadium held in solid solution, and if this is 
the case, it would mean that vanadium is more soluble in a-iron than 
y-iron. 

The mechanical properties of vanadium-carbon steels have been deter- 
mined by Dr. Guillet. 1 His work was carried out on two series of steels 
containing 0*20 and 0*80 per cent, of carbon with up to 10-0 per cent, of 
vanadium. The tensile properties are shown in figs. 209 and 210. From 
these results it will be seen that in both series the best all-round results are 
obtained with about 0*70 per cent, of vanadium. Increasing the percentage 
from 0-0 to 0-7 produces a progressive and substantial rise in the elastic 
limit and tensile strength, which is also accompanied by an increase in the 
ductility of the steel. 

1 Revue de Metallurgie* 1905, p. 525. 
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CHAPTER XXH. 

STRUCTURAL CONSTITUTION OF SPECIAL 
TERNARY STEELS. 

IN the chapter dealing with the microstructure of carbon steels a detailed 
description has been given of the structural constituents and appearances 
which are known as ferrite, pearlite, sorbitic pearlite, troostitic pearlite, 
cementite, martensite, and austenite. Since these are the constituents and 
structures which are also met with in the treatment of special steels, it will 
be advantageous once again to refer briefly to the conditions and treatment 
under which they are formed in carbon steels. 

Ferrite* This co:p.stituent is present in the massive crystalline- 
condition in all slowly-cooled steels containing less than 0*89 per cent, of 
carbon. As a rule, it is almost pure iron, but it may sometimes contain 
notable quantities of impurities in solid solution. It is relatively very soft 
and magnetic. 

Pearlite* Is an intimate mixture of crystallised a-iron and carbide- 
of iron which have crystallised at the same time from the solid solution of 
the eutectoid composition. It, therefore, contains 0-89 per cent, of carbon, 
and is obtained by slow cooling. 

Sorbitic pearlite is very similar in many ways to ordinary pearlite, but 
it is in a finer state of division, owing to the fact that it is obtained by moder- 
ately quick cooling from about 700 C., which prevents the normal crystal- 
lisation into ordinary pearlite. 

Troostitic pearlite or troostite is an exceedingly fine mixture of carbide- 
of iron and ferrite, which has the same composition as pearlite. It is formed 
from the same solid solution as pearlite, but is only obtained in carbon steels 
by very rapid cooling, such as quenching, at the time the solid solution is- 
decomposing into its constituents. 

Cementite* Carbide of iron (Fe^C) occurs in all slowly-cooled steels 
as a constituent of pearlite, and in the free or massive form in slowly-cooled 
steels containing more than 0-89 per cent, of carbon. It is hard and brittle. 

Martensite is obtained by quenching all steels from temperatures above- 
their highest recalescence points. It is exceedingly hard when it contains 
0-89 per cent, of carbon, but is considerably softer when the carbon content 
decreases. Martensite can only be obtained in carbon steels by very rapid 
cooling, and, therefore, the proportion of the steel which can be kept in thla 
state decreases as the size of specimens increases, because of the diminished 
rate of cooling. 

Austenite. Obtained by rapidly quenching steels with 1*0 to 1*65 per 
cent, of carbon from above 1,000 C. in ice-cold water. Under the most 
favourable conditions not more than about 35 per cent, of a carbon steel 
can be preserved in this state. It is softer than martensite. 
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The above constituents are all found in almost every series of -special 
steels, but, owing to the presence of a third element, the conditions under 
which they are obtained may differ entirely from those of carbon steels. 
This difference is due to the effect of the third element upon the temperature 
at which the ordinary critical points of carbon steels occur. If the added 
element lowers the temperature of the critical points, and especially that of 
the Axj change, its action wiH: be in the same direction as that of quenching, 
which also lowers the temperature of the Ar t point. When lowering of the 
transformation points occur, whether it is produced by rapid cooling in carbon 
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steels or by a third element with very slow rates of cooling, the effect upon 
the mechanical properties will be very similar, providing the change occurs 
at the same temperature in each case 

It is evident that when a certain percentage of a third element is capable 
of lowering the temperature of the critical points below that of the ordinary 
atmosphere, the temperature of those points can be easily controlled for any 
given rate of cooling simply by selecting the correct percentage of the third 
element. Any lowering of, for instance, the carbide Ar x change naturally 
means that, the mass of steel has a narrower range of temperature over 
which the carbide and ferrite, which then separates from the pre-existing 
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solid solution, can coalesce or crystallise. Hence the crystals of ferrite and 
cementite contained in the steel are progressively smaller the lower the 
temperature at which they separate from the solid solution. It, therefore, 
follows that, by using an element such as nickel, which has a pronounced 
lowering effect upon the Ari and other changes, very fine or sorbitic pearlite 
will be obtained with a certain percentage of that element, and that by 
increasing quantities troostite, martensite, and even the normal y-iron 
solid solution can be produced even when the cooling is slow. Thus, a steel 
with 0-90 per cent, of carbon and 7-0 per cent, of nickel is martensitic after 
very slow cooling, and possesses similar properties to a quenched martensitic 
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carbon steel. Broadly speaking, this similarity exists in other cases, though 
it must be remembered that differences do occur as a result of the direct 
influence of the added element. 

Dr. Guillet has made very careful microscopic examinations of almost 
all the special ternary steels, and has illustrated his results in what may 
provisionally be described as constitutional diagrams. These are shown in 
figs. 205 to 214, and are very useful in making a study of the various kinds 
of ternary steels. After describing one of these the others will^be readily 
understood. The constitution of nickel steels is represented in % 211. 
In this diagram the horizontal ordinates represent the percentages of carbon, 
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and the vertical ordinates those of nickel. A slowly-cooled steel corresponding 
in composition to a point inside any of the areas illustrated in the diagram 
will have the structural constitution referred to in that area. This will be 
more fully understood by considering a series of steels containing a constant 
percentage ol carbon with varying nickel content. Considering a series 
with 0-5 per cent, of carbon and a, 6, c } d, e, and/ of nickel, they will show 
when viewed under the microscope the following structures : 

a = 2-5 per cent, of nickel = ferrite + pearlite. 
& = 6-0 = troostite + carbide. 

c = 7-5 = martensite + troostite. 

d = 11-0 = martensite. 

e = 18 '5 = austenite + martensite. 

/ = 22-0 ,, = austenite. 

Vanadium Steels. 




0-8 
Percentage Carbon. 

Fig. 215. 

The effect of carbon can be ascertained in a similar manner by con- 
sidering a series with a constant percentage of nickel. It should be noted 
that, whilst the various members of any particular group possess the same 
constitution owing to the wide variation in their composition, the con- 
stituents are seen under different conditions, or, in other words, their degree 
of fineness or coarseness varies on passing from one side of the area to the 
other. It is also necessary to point out that the meeting of the areas, 
austentite, martensite, troostite, etc., at the 1-65 per cent, carbon point 
may be regarded as somewhat arbitrary. Dr. Guillet has chosen this per- 
centage, because it is supposed that with ideal rates of quenching for a steel 
containing 1-65 per cent, of carbon the mass would be retained in the state 
of non-magnetic y-iron solid solution. 

17 
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On comparing the constitution of manganese steels (fig. 212) with fig. 211 
it will he observed that about 13.-5 per cent, of manganese has the sam 
effect in preserving the iron in y condition as 29 per cent, of nickel, or tha 
the ratio is 1 : 2-14. This means that 1-0 of manganese has the same efiec 
in modifying the structure of steel as 2*14 of nickel, but it does not folio 1 
that the mechanical properties of such steels will be the same. They ma 
possess many similarities in this respect, but there are also marked difference; 
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CHAPTER XXIII. 
ELECTRICAL CONDUCTIVITY AND CONSTITUTION. 

THE study of the electrical conductivity of metals and their alloys at varying 
temperatures, and after different mechanical and heat-treatment has been 
undertaken by a large number of investigators. Whilst many of these have 
been conducted from the point of view of the physicist or electrical engineer, 
they have substantially contributed to our knowledge of the inner structure 
and constitution of metallic alloys, and are, therefore, of considerable direct 
interest to metallurgists. The examination of the influence of treatment 
and composition of alloys upon their electrical conductivity has indeed 
now become one of the metallurgists' standard methods of investigation. 
For certain metallographical purposes this method is even more delicate than 
that of a thermal or microscopical examination. This is more especially 
the case when we come to consider some of the more subtle changes which, 
may take place when such constituents as solid solutions are heated or cooled. 
Under these conditions changes of a progressive nature may occur, such 
as the decomposition of a compound into its constituents, or depolymerisation 
of a compound that is held in solid solution. Transformations of this kind 
will not give rise to any well defined thermal disturbance, and the internal 
rearrangement would naturally be of molecular dimensions, and consequently 
far beyond the powers of the microscope. Still there are good reasons for 
believing that progressive changes of this kind often take place in alloys, 
and equally good grounds for considering that they exert a profound influence 
upon the physical properties of the mass. 

For the purest metals it is known that for all but the very lowest tem- 
peratures the conductivity is inversely proportional to the absolute tem- 
perature. For exceedingly low temperatures, approximately those of liquid 
helium, the resistance in certain cases is almost zero. Therefore, the 
resistance falls almost in proportion to the fall in temperature until a certain 
low critical temperature is reached after which the decrease in resistance 
becomes very much more rapid. 

The transport of electricity through metals is explained by Sir J. J. 
Thompson 1 as follows : 

" We will suppose that each atom of the metal contains an electrical 
dipole the electrical analogue of the molecular magnet. The molecular 
magnet consists of equal and opposite magnetic poles separated by a short 
distance. The electrical dipole consists of equal and opposite electrical 
charges at a short distance apart, the negative charge being an electron. 
These dipoles, if acted upon by an electrical force, will set themselves along 
the lines of electric force in the same fashion as the magnets along the lines 
of magnetic force ; the result will be the same as if a certain fraction pointed 
1 " May Lecture," Institute of Metals, 195, vol. ii. 
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in the direction of the electric force*, while the remainder pointed indifferently 
in all directions. We thua shall have in the substance a number of chain** 
of atoms. , . . The doublets in the atonin will produce intense electric 
forces in their neighbourhood, and these forces will tend to drag the elect raw 
out of one atom into the other. The force which cinigg the elect rona out 
is due to the pull exerted by the atonm in its neighbourhood, and so does 
not depend on the magnitude of the electric! force. 1 * In the oourtw of tin* 
lecture this view is developed, and a mathematical ex pinna! ion is given fur 
the very rapid increase in the conductivity that occurs when metals are 
cooled below certain low critical temperatures. 

It seems highly probable that, with acme slight modification. Sir J. J. 
Thompson's views in thin connection might provide th6 explanation of the* 
peculiarly rapid decrease in the electrical conductivity which occur* when 
small quantities of an element are held in solid solution by a metal* and the 
relatively much smaller decrease which takes place ( per unit of added element) 
when larger quantities of the same substance are in solution. 

As regards the electrical resistivity of iron the lowest value* which him* 
been experimentally determined are from 9*0 to 0*7 microhms per cm 8 , 
It is, however, necessary to note that exceedingly small quantifies of certain 
impurities present in iron or even in any other metal have a marked e!Tet 
upon the conductivity, and this fact makes it extremely difficult to obtain 
a reliable experimental value for the pure metal Benedick*, who haa given 
considerable attention to this matter, by extrapolation, evaluate* the electrical 
resistance of the pure metal iron at 7-6 microhmfi per cm 8 . Thin figure is 
considerably lower than the lowest that has been observed, but, AM indicated 
by Benedicks, 1 if we take, the figure of 9-7 microhms per cm. 1 obtained by 
W. II. Preece, 2 the difference between this and the theoretical figure would 
be accounted for by the presence of (HN)7 per cent, of hydrogen in the metal. 

Among the more important papers dealing with the resistance of iron 
and steel at high temperatures 'are, those by J. Hopkinson, 8 H. Le Chateher,* 
and BoudouarcL 5 The last investigator finds that the curve depicting the 
electrical resistance of iron and of steels does not lose it* parabolic form 
between the ordinary temperature and that at which the thermal transfor- 
mations begin to occur. But from 800 0. onwards they i>ccome linear. 
For carbon steels the following equations represent the facia above 800 
C.: 



Steel with 0-205 per cmt 
0-403 
0-841 
0-82 
1-05 
M 
1-38 



carbon, 



U 

E 
E 
R 
E 
R 
E 



42 -H I -OH-HH. 

47-0 i *043f. 
72-7 'tHISf. 
2-9 4- -OIMI. 

. 20 i OHM. 
1KH1 . 'iWM. 
07-75 4.. .030! I 



In the case of the specimen of iron which Boudouard examined tin* three 
following linear equations are given an corresponding with the results :* 

1 " Theue pour le Dootonit/' U|Mwk, HMW, 

* Rpfwrt Britkh Aso<j. f Manchester, 1887. p, 609. 

*PhiL Tram., ISO : i (1889), p. 443, 

4 Cvmpitt Jfandu*, 120 (1898), pp. 1709, 17H2 

s Journ. Irm and Mitel Imt, t 1903, i,, p. 21M). 
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From 655 C. to 775 C., 
From 781 C. to 875 C., 
From 896 C. to 1,170 C., 



B = 51-9 + 0-189*. 
R = 39-3 + -071*. 
B. = 74-4 4- -03U. 



Burgess and Kellberg 1 have examined the resistance of pure iro 
temperatures between and 950 C. The results show that the resist 
of iron increases at a gradually increasing rate until the neighbourhoc 
the first critical region (A 2 ) is reached. This region is characterised 
point of inflection on the resistance temperature curve at 757. Wi 
further increase of temperature an abrupt fall in the resistance occu: 
about 894 C., and the reverse change takes place at approximately 
same temperature when the temperature is allowed to fall. This se 
critical region (A 3 ) extends over an interval of 25 C. 

A great number of investigations have been made on the electrics 
sistance of alloys, at the ordinary temperature, in relation to the chei 
composition and structural constitution . Amongst these should be menti 
those by Matthiessen, 2 Johnson, 3 Hopkinson, 4 Osmond, 5 Stead, 6 Ebe 
Mathews, 8 and, more especially, those by Le Chatelier, 9 Barrett, Bi 
and Hadfield, 10 Barns and Strouhal, 11 Benedicks, 12 Campbell, 13 Swine 
Maurer, 15 Portevin, 16 Fournel, 17 and Saldau. 18 

The results of Fournel's investigations are embodied in Table XL VII, 

TABLE XLVII. 



Composition. 


Transformation Point. 


Eorraulse of the Straight Lint 


C 


Si 


Mu 


Ar 3 Ar 2 Ari 


at Temperature above 900 C 


08 


24- 


43 


880 775 


Rl = R900 (1 + 3-3 x 10- 


-11 


02 


35 


890 780 670 


IU = R900 (1 + 3-3 x 10- 


22 


33 


57 


790 740 695 

v- 1MII , , -/ 


nt = R900 (1 + 4-3 X 10- 


37 


126 


47 


730-770 


Rt = R900 (1 + 3-8 x 10- 


1-05 


? 


25 


730-770 


R* - R900 (1 + 4-0 X 10- 



1 Journ. of the Washington Academy ol Science, 1914, vol. iv., pp. 436-440. 

2 Phil. Trans., 1858, 148, 383; 1860, 150, 161. Phil Mag., 1861 (iv.), 21, 107; 

22, 195. Matthiessen and Vogt, Phil Trans., 1864, 154, 167. Phil Mag., 1862 

23, 171. 

3 Chemical News, vol. xliv., 1881, p. 178. 4 Phil Tram., 1889, vol. clxxx., j 
5 " Rapport de la Commission des M&bhodes d'Essais des Materiaux de Construe 

Oct. 1892. 

Journ. Iron and Steel Inst., 1895, No. 1, p. 77. 

7 Zeit fur Instrumentenkunde, vol. xvi., 189f>, p. 87. .- - 

8 " Metallic Conduction and the Constitution of Alloys." , 

9 Comptes Rendus, vol. cxxvi., 1898, pp. 1709, 1782. Contribution a l'MU( 
Alliages, 1901, p. 316. 

IQ Scientific Transactions of the Royal Dublin Society, vol. viii., (2) 1902, p. 1. 

11 Bulletin of the United States Geological Survey, vol. ii., 1885, p. 593. 

12 These pour le Doctorat, Upsala. . 

13 Journ. Iron and Steel Inst., 1915, No. 2, p. 14. 
11 Journ. Iron and Steel Inst., 1909, No. 2, p. 223. 

15 Revue de Metallurgie, vol. v., 1908, p. 711. 

16 Iron and Steel Inst. Carnegie Research Memoirs, 1909, 

17 Comptes Rendus, 1906, vol. 143, pp. 46, 287. 

18 Carneaie Memoir Iron and Steel tnst., 1916, vol. vii., p, 195. 
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From 655 C. to 775 C., 
From 781 C. to 875 C., 
From 896 C. to 1,170 C., 



R *- 51-9 -f 0-189*. 
R = 39-3 + -071*. 
R = 74-4 4- -031*. 



Burgess and Kellberg 1 have examined the resistance of pure iron at 
temperatures between and 950 C. The results show that the resistance 
of iron increases at a gradually increasing rate until the neighbourhood of 
the first critical region (A 2 ) is reached. This region is characterised by a 
point of inflection on the resistance temperature curve at 757. With a 
further increase of temperature an abrupt fall in the resistance occurs at 
about 894 C., and the reverse change takes place at approximately the 
same temperature when the temperature is allowed to fall. This second 
critical region (A 3 ) extends over an interval of 25 C. 

A great number of investigations have been made on the electrical re- 
sistance of alloys, at the ordinary temperature, in relation to the chemical 
composition and structural constitution. Amongst these should be mentioned 
those by Matthiessen, 2 Johnson, 3 Hopkinson, 4 Osmond, 5 Stead, 6 Ebeling, 7 
Mathews, 8 and, more especially, those by Le Chatelier, 9 Barrett, Brown, 
and Hadfield, 10 Barns and Strouhal, 11 Benedicks, 12 Campbell, 13 Swinden, 14 
Maurer, 15 Portevin, 16 Pournel, 17 and Saldau. 18 

The results of Fournel's investigations are embodied in Table XLVII. 

TABLE XLVII. 



Composition. 


Transformation Point. 


Formulae of the Straight Line 


C 


Si 


Mu 


Ar 3 Ai-2 Ar! 


at Temperature above 900 C. 


08 


24 


43 


880 775 


Ri = R900 (1 + 3-3 x 10- 4 *) 


11 


02 


35 


890 780 670 


Re = R900 (1 + 3-3 x 10-* t) 


22 


33 


57 


790 740 695 

V. _,_ , J 


IW = R900(l + 4-3 x 10 - 4 *) 


37 


126 


47 


730-770 


R* = R900(l + 3-8 x 10~ 4 *) 


1-05 


? 


25 


730-770 


R* = R900 (1 + 4-0 x 10- 4 t) 



1 Journ. of the Washington Academy o1 Science, 1914, vol. iv., pp. 436-440. 

2 Phil. Trans., 1858, 148, 383; 1860, 150, 161. Phil. Mag., 1861 (iv.), 21, 107; (iv.), 

22, 195. Matthiessen and Vogt, Phil. Trans., 1864, 154, 167. Phil Mag., 1862 (iv.), 

23, 171. 

3 Chemical News, vol. xliv., 1881, p. 178. * Phil. Trans., 1889, vol. clxxx., p. 443. 
5 " Rapport de la Commission des kathodes d'Essais des Materiaux de Construction, 

Oct. 1892. 

Journ. Iron and Steel Inst., 1895, No. 1, p. 77. 

7 Zeit fur Instrumentenkunde, vol. xvi., 1896, p. 87. - - 

8 " Metallic Conduction and the Constitution of Alloys." - 

9 Comptes Rendus, vol. cxxvi., 1898, pp. 1709, 1782. Contribution a VEtude des 
Alliages, 1901, p. 316. 

^Scientific Transactions of the Royal Dublin Society, vol. viii., (2) 1902, p. 1. 

11 Bulletin of the United States Geological Survey, vol. ii., 1885, p. 593. 

12 These pour le Doctorat, Upsala. 

13 Journ. Iron and Steel Inst., 1915, No. 2, p. 104. 
11 Journ. Iron and Steel Inst., 1909, No. 2, p. 223. 

15 Revue de Metallurgie, vol. v., 1908, p. 711. 

16 Iron and Steel Inst. Carnegie Research Memoirs, 1909. 

17 Comptes Rendus, 1906, vol. 143, pp. 46, 287. 

18 Carneaie Memoir Iron and Steel Inst., 1916, vol. vii., p. 195. 
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Fournel concluded that the rise in the electrical resistance at temperatures 
above OCX) (% proceeds in accordance with the straight line formula 
B* = ROOD (I + at) in which a varies for the different steels. 

Saldau has made an extremely valuable aeries of determination of the 
electrical resistance of Kahlbaum iron and carbon steels at temperatures 
up to 1 ,100 (X The results for iron are given in Table XLVI IL arid plotted 
in fig. 216. 




Fig. 216. Kahlbaum Iron (the Firat Heating m fchs Nitrogen Qan). 



As the total impurities in this iron was only -047 per cent,, consisting 
of carbon, -019; manganese, -025; silicon, -006; phosphorus, -012; and 
sulphur, *004 per cent., and the determinations were made in an atmosphere 
of nitrogen, this data is probably the most reliable so far obtained. The 
electrical resistances of the various carbon steels, after being hardened from 
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8<X> I'., KXV 0., and 950' O.^are plotted in fig. 217. From these curves it 
will be that the resistivity of the sample containing -89 per cent, of 




Fil, 217, <bmt of tfit Kleolric 



Iron aud Steel after Heating. 



in rtlatiwly than the Mmples on either side of that 

eomponition* 
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TABLE XLVIII. 





Kahlbaum Iron. 




Kahlbaum Iron. 


2 

J3 


Resistance, 


Conductivity, 
i 


| 


Uesistance, 


Conductivity, 


O 
ft 


$ x 10 6 . 


K=-jXlO-<. 


a 


< X 10 6 . 


K=!xlO-<. 







' 


s 




* 


H 










H 












During 
Heating. 


During 
Cooling. 


During 
Heating. 


During 

Cooling. 




During 
Heating. 


During 
Cooling, 


During 
Heating. 


During 
Cooling. 


25 


10-457 


10-920 


9-563 


9-158 


760 


98-855 


104-260 


1-012 


0/959 


100 


15-084 


15-846 


6-630 


6-311 


770 


101-380 


106-330 


0-986 


0-941 


150 


17-737 


19-893 


5-638 


5-027 


780 


104-350 


109-130 


0-958 


0-917 


200 


20-978 


24-310 


4-767 


4-114 


790 


105-520 


110-470 


0-948 


0-905 


250 


25-210 


28-270 


3-967 


3-537 


800 


106-600 


111-730 


0-938 


0-895 


300 


29-800 


32-772 


3-356 


3-051 


850 


111-910 


116-410 


0-894 


0-859 


350 


34-933 


38-354 


2-863 


2-607 


880 


114-880 


118-580 


0-870 


0-843 


400 


41-236 


44-116 


2-425 


2-267 


890 


115-960 


119-110 


0-862 


0-840 


450 


47-988 


50-508 


2-084 


1-980 


900 


117-040 


119-650 


0-854 


0-836 


500 


54-740 


57-621 


1-827 


1-735 


910 


118-120 


120-100 


0-847 


0-833 


550 


62-123 


64-374 


1-610 


1-553 


920 


119-200 


120-660 


0-839 


0-829 


600 


70-225 


72-027 


1-424 


1-388 


930 


120-200 


121-000 


0-832 


0-826 


650 


78-510 


80-850 


1-274 


1-236 


940 


121-100 


121-270 


0-826 


0-825 


680 


83-550 


85-712. 


1-197 


1-167 


950 


121-360 


121-540 


0-824 


0-823 


690 


85-442 


87-692 


1-170 


1-140 


960 


122-170 


122-260 


0-819 


0-818 


700 


87-152 


90-032 


1-147 


1-111 


1000 


122-720 


122-800 


0-815 


0-814 


710 


88-862 


94-265 


1-125 


1-061 


1020 


123-250 


123-430 


0-811 


0-810 


720 


90-662 


96-334 


1-103 


1-038 


1050 


124-060 


124-430 


0-806 


0-804 


730 


92-464 


98-315 


1-082 


1-017 


1080 


124-880 


125-300 


0-801 


0-798 


740 


94-445 


100-300 


1-059 


0-997 


1100 


125-420 




0-797 




750 


96-511 


102-280 


1-036 


0-978 













The relations between conductivity and constitution have been specially 
studied by Le Chatelier, loc. cit. The researches of this investigator enabled 
him to subdivide alloys into three general groups according to their 
structural constitution. The laws he enunciated may be described as 
follows : 

1st Group. Alloys in which the components are mutually insoluble in 
each other in the solid state. 

In systems of this kind the electrical conductivity is a linear function 
of the volume concentration of the two components. Guertler x has shown 
that this law is sometimes not strictly correct, for the conductivity may be 
seriously influenced by the manner in which the separate constituents are 
distributed throughout the mass. For example, in the case of the copper- 
bismuth alloys which fall into this group as regards constitution, the con- 
ductivity is very far from being a linear function of the volume concentration. 
In this instance, with the addition of comparatively "small quantities of 
bismuth, the conductivity rapidly falls to the value for bismuth. This, 
however, is due to the fact that the crystals of copper become completely 
surrounded by bismuth, and when this occurs the resistance of the mass is> 
1 Zeit. fur awtgcMische Chemie, 51 (1906), 397 ; 54 (1907), 58. 
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ually governed by that of the element which exists at the boundaries 
he crystals. 

2nd Group. Alloys in which are formed a continuous series of solid 
itions from one end of the system to the other. 

The conductivity curve of alloys belonging to this group takes a U-shaped 
n, showing that the effect of adding either one of the elements to the other 
rst to produce a very rapid decrease in the conductivity which continues 
il a certain limiting and comparatively low percentage of the added 
nent is reached, after which further additions produce a lowering of the 
ve which is infinitely less than was first obtained. 

3rd Group. Alloys in which there is a limiting range of solid solutions 
sach end of the system. In this case the same rapid fall in conductivity 
Dund at each end of the diagram as for those mixtures in group 2, with 
;raight line from the points corresponding with the saturation limits of 
two solid solutions. 

The Influence of other Elements upon the Electrical Resistance of Iron. 
m a consideration of the data previously published and experimental 
lence obtained by himself, Benedicks has shown that the resistivity 
ron depends upon the amount of impurity held in solid solution by the 
i. Further, he advanced the theory that the influence of an impurity 
the resistivity followed a definite law, and was inversely proportional 
he atomic weight of the dissolved element. That is to say, equi-atomic 
.tions of different impurities have the same electrical resistance. This 
holds for a very wide variety of steels containing carbon, aluminium, 
on, phosphorus, chromium, manganese, cobalt, nickel, arsenic, molyb- 
um, and tungsten, elements which vary in atomic weight fron 12 to 184. 
Benedicks' formula, expressing the resistance of steel at the ordinary 
perature, is : 

B, = 7-6 + 26-8 2 C microhms per cm 3 , 

;re S C is the " carbon value " of the amount of the element present, 
ch is found as follows : 



According to this equation we find that 1 atom of an element dissolved- 
.00 atoms of iron increases the resistance of iron by 5-9 microhms per 
Benedicks states that it is difficult to fix the upper limit of cona- 
tion to which the above formula can be applied, but that it is probably 
,ter than 2 C = 2-0 per cent., and less than 3-0 per cent. Or, in other 
ds, it will probably not be applicable to concentrations greater than 
torn dissolved in 8 atoms of iron. This is exactly what would be 
cipated from what is known regarding the relationship between re- 
vity and solid solutions (see Le Chatelier's 2nd law) which indicates 
j Benedicks' formula applies to the steep branches of the U-shaped con- 
ivity curve. For special alloy steels Portevin 1 has shown that the 
pe formula is inapplicable if the carbon equivalent of all elements, other 
i iron, exceeds 2 or 3 per cent. 

*Journ. Iron and Steel Inst. Carnegie Memoir, No. 1, 1909, 
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An examination of the figures given in Table XLIX., which is taken 
from Benedicks' paper, indicates how closely the values calculated by means 
of the above equation agree with those that have been experimentally 
determined. The letter q means that the samples have been quenched. 



TABLE XLIX. 



Elements in Solution. 


Electrical Resistance 
Microhms per Cm'. 


Carbon as 
Cementite. 


Carbon in 
Solution. 


Silicon in 
terms of 
Carbon. 


Manganese 
in terms of 
Carbon. 


2C. 


Determined 
Resistance. 


Calculated 
Resistance. 




08 


013 


028 


121 


10-5 


10-8 


.. q 


08 


013 


028 


121 


10-9 


10-8 


143 


27 


034 


063 


367 


17-7 


17-4 


1-23 


27 


051 


063 


384 


17-9 


17-9 


0-63 


27 


118 


089 


477 


20-2 


20-4 


0-93 


27 


;127 


096 


493 


20-9 


20-8 


1-08 


27 


110 


118 


498 


21-6 


21-0 


0-18 


27 


274 


07o 


620 


23-9 


24-2 


0-28 


27 


363 


096 


729 


27-6 


27-2 


.. q 


45 


274 


' -076 


800 


29-0 


29-0 


.. q 


55 


363 


096 


1-009 


34-4 


34-6 


.. Q 


90 


118 


089 


1-107 


36-9 


37-3 


(0-13) q 


1-20 


127 


096 


1-423 


42-1 


(45-7) 


(0-21) q 


1-35 


110 


118 


1-578 


44-4 


(49-6) 


.. q 


1-35 


110 


118 


1-578 


49-6 


49-6 


- 2 


1-50 


051 


063 


1-614 


50-6 


50-8 



It is by means of extrapolating this and other similar data that Benedicks 
has evolved the theoretical resistance of 7-6 microhms per cm 3 for pure 
iron. Even in annealed carbon steels Benedicks considers that when the 
total carbon is above -5 per cent., the ferrite holds approximately -27 per 
cent, of carbon in solid solution. This interesting conclusion, which is 
supported by the resistivity determinations, would appear to indicate that 
the ferrite which is deposited directly from the gamma-solid solution as 
alpha-iron will more readily hold carbon in solution than when it is formed 
as a result of the /? = a transportation. 

It is by pressing forward research along lines similar to those suggested 
by Benedicks' work that we may hope to arrive at a much better conception 
of the nature of solid solutions and the changes which they undergo when 
heated. This is a most fascinating theoretical subject, and, moreover, as 
steel consists of solid solutions during the larger part of the time they are 
being rolled, forged, or heat treated, any advance which can be made in 
this direction should be advantageous to steel users. 

From physico-chemical considerations, Juptner x has calculated that 
carbon when present in steel in the form of a solid solution at temperatures 
of 900 C., or over, exists with the molecular formula (Fe 3 C) 2 , but that as 

iJourn. Iron and Steel Inst., 1898, No. I., p, 204, and 1898, No; I., p. 235. 
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the temperature is lowered to a point just before the A^ change, it takes up 
the more complex form (I'X^V 

Campbell l lias studied this problem in quite a different way, and arrived at 
the same conclusion. Ilia method was to analyse the gases which are evolved 
when hardened and annealed steels are dissolved in hydrochloric acid. 

In this work it was found that the greater part of the carbon in annealed 
atceln is evolved an i\ll m associated with C 3 H and C 2 H 6 ; in quenched 
steel the bulk of the carbon comes off as the lower member of the series. 
A the kind of hydrocarbon formed must have a direct relationship with 
the molecular complexity of the carbide in the steel, it is necessary to con- 
sider thtit the carbon in solid solution is present as (Pe 3 C) 2 , and that when 
thin it* deposited from solution it polymerises, giving the formula (Fe 3 C) 4 
for cement itis of annealed steels. 

Another argument which Campbell advances in favour of the view that 
the iron carbide in Bteel varies in molecular aggregation, is the behaviour 
of Ht eel towards nitric! acid. In the well-known colorimetric method for 
dUU*nitiniiig carbon, it is recognised that in order to obtain reliable results 
it in nre8Hury that both sample and standard should have been subjected 
t the same heat treatment. If there- were only one carbide of iron, it is 
hard to understancl why the depth of colour obtained by dissolving in nitric 
arid nhould not he directly proportional to the carbon present. 

It wa8 also suggested by the name investigator a that the carbide, after 
first going into solution at Acj as (FftjO)^ might be further depolymerised 
into tli nimpln Ke a C as the temperature is rained to a considerably higher 
dcgriH*. At a still later elate 8 he was able to obtain experimental evidence 
with regard to the electrical resistivity of a series of steels after being quenched 
from H**2 ' (\ und 1 ,103 ' C M which very strongly suggests, if it does not actually 
pmvt% that some kind of molecular dissociation occurs when steels are heated 
above the Ac, change. The data obtained in this way for the resistivities 
of the quenched und subsequently tempered samples are given in Table L. 

TABLE L.~tiiK< > !?zc RESISTANCE IN MICROHMS PEB CM 8 . 





giimrhr.1 


tluMlrhrrl : 


fitcel Qumtohed from aO'2** C. reheated to 


HtfCttl, 


from 

ilia* i", 


from 


106" <:. 


!.* 


205* C. 


40cr<x 


492* C, ; 600 C. 


700 C. 


800*0. 


it-04 




11-12 


10-94 


iO-Bl 


10-83 


10-78 


10-75 10-69 


10-78 


10-70 


4 KIII 


111 -48 


111-13 




14-96 


13-86 


13-55 


13-04 


12-84 


12-64 


13-20 




IH-45 


17-511 


16-117 


10-05 


16-11 


14-86 


14-37 


14-25 


14-27 


14-51 


0-41 


&M)5 


iK-ttl 


17-79 


16-94 


15-09 


16-13 


14-82 


14-51 


14-47 


14-98 




C.H-tfO 




19-92 


17-BO 


16-24 


15-60 


15-02 


14-71 


14-67 


15-11 


IHI4 




35-95 


27-97 


22-40 


19-42 


18-37 


17*60 


16-65 


16-19 


17-23 


I 14 


IH-43 




33-02 


25-73 


21-82 


20-62 


19-92 


19-60 


19-03 


19-08 


2-71 


fm-73 


m ' m 


4245 


32-49 


27-41 


26-17 


24-94 


24-21 


22-57 


20-82 



*. Iron and Steel I wi. MitaUwmphM. vol. iii, p. 32, and Journ. Iron and Steel 

/*f., IW, Iii. p. 3 18 

1 Iron tnnd KM /inf. Journ., 1908, iii., p. 318. 
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It will be seen that the samples quenched from the higher temperature 
give a higher electrical resistance than the same steels when quenched from 
892 C. The only reasonable explanation which can at present be advanced 
to account for this increased resistance appears to be that the carbide 
molecules become less complex an the temperature is rained, and that the 
time taken during cooling by quenching IB insufficient for them to re-associate. 
Thus, although the chemical composition of the steel remains unaltered, 
heating to high temperatures increases the number of molecules in solution, 
and the quenching operation more or less completely fixes that condition. 
In the discussion on a paper by Campbell, 1 M*( 1 am*e says :" If the molecular 
weight of (Fe 3 C) N in solution varied with the temperature, its value* at the 
melting point would be different from its value at Ar 3 , The* depression at 
the freezing point at once gave a method of estimating N at those tempera- 
tures, and the figures as deduced from the. results of Carpenter and Keeling 
were given in Table. LI. (the value of Q for Ar 3 was taken as 3*2 X 56). 

TABLE LI. 





Latent Heat. 


T, 





- - 




a 


a? 


1,505 


1,120 


0*48 


iKW 


179 


nil. 



' il ^ 

29-1 

154-0 



Ac'tunl 

Hiprfdtiot 

Aa 

14-3 

80-0 



2-03 



carbon in Roparating solid 
total carbon 

"The carbon in solution in iron between 7(X>" and l,5(xr ( 1 . had, 

therefore, a constant molecular weight corresponding to the formula (Fc 3 (*) 2> 
and thus strengthened the conclusions drawn from the examination of the 
electrical resistance." 

In discussing Honda's paper M*Cance* also says:-- 1 * In steels which 
have the A 2 and A 3 points separate the a to y crystalline change* A 3 took 
place between the non-ferromagnetic a state and the y state, and it absorbed 
a certain amount of heat energy. The value of that energy, Q, had been 
found by the following observers to be : - 

Osmond, 3*8 grain calorics, (Jowptex Kcntlittt, vol. ciii., pp. 743 and 1 135 ; 
Stansfield, 2*86 grain calories, Iron andNrdJmirn., 1HSW, No. !L, j>. lf>9; 

Meuthen, 3-CK) grain calories, FerruM, 1912, p. I 

giving a mean value of 3-2 calories. If it were assumed that carbon in 
solution was diatomic, the depression of the A 3 point for a concentration 
of one molecule per cent, wan- ..... 

0-02 T 2 

2*= - A = 77 0. 



l Journ. Iron, and SVeel I nut., 1915, No. 2, p. 178. 
*./owr. Iron andSted twit., 1015, No. 2, 
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" For steels in wMcli A 2 and A 3 were merged, the a to y crystalline change 
now took place between the ferromagnetic a state and the y state, and; in 
addition to the above energy Q, there must be added the energy to de- 
magnetise. If I equalled the intensity of magnetism just before the change, 

NI 2 

the heat equivalent of this magnetic energy was Q (mag.) = TTV where 

Jj J \J 

N was Weiss' constant, J Joule's equivalent, and D was the density. In 
calculating now the depression of the change point, a new value, Q 1 , must 
be used, which was the sum of Q and Q (mag.). The value of the latter was 
given in the table below. 

TABLE LIL 



Temp. 


Intensity. 


Q (mag). 


Q 1 


Depression (A)i 


752 


200 


0-23 


3-4 


55 


742 


400 


0-93 


4-1 


45 


732 


600 


2-10 


5-3 


34 


716 


800 


3-74 


6-9 


25 


700 


920 


4-95 


8-1 


21 



" On these assumptions a theoretical diagram could be drawn which was 
shown in fig. 218, and experimental results were placed on the same diagram 
to show that they were evenly distributed on both sides of the curve." 

It is quite possible that the views held by Campbell and M'Cance are 
both fundamentally correct, and that at temperatures between, say, 700 
and 900 C. the carbon is present as carbide in the form (Fe 3 C) 2 , and that 
as the temperature is raised this carbide first dissociates into Fe 3 C, as 
(Fe 3 C) 2 = 2Fe 3 C, and when this reaction is completed the carbide, Fe 3 C, 
is decomposed as follows : 2Fe 3 C = 6Fe + C 2 . The latter reaction being 
quite complete by the time the metal is liquid. 

Working in an entirely different direction, Greenwood, Kikkawa, and the 
author l obtained certain results with a chromium steel which only appear to 
be explicable on the grounds that some kind of molecular dissociation occurs 
at high temperatures. These relate to the influence of varying initial tem- 
peratures upon the critical cooling velocities. of a steel containing 6-15 per 
cent, of chromium and -63 per cent, of carbon. It was found that when 
this steel was heated to and cooled from 900 C. the critical cooling rate i.e., 
the rate at which the carbide change just begins to be suppressed over the 
range of temperature 836 C. to 546 C. was a little less than six minutes ; 
but when the initial temperature was raised to 1,200 C., the critical cooling 
rate, again measured from 836 to 546 C., was nearly 13 minutes. Tentatively, 
the authors suggested that the observed differences were due to the chromium 
carbide first going into solution at the Acj as (Cr 3 C 2 ) 23 and that this carbide 
is progressively dissociated into Cr 3 C 2 as the temperature is raised. When 
the steel is again cooling these molecules only slowly re-associate, and thus 
the molecular effect of the dissolved chromium carbide is greater as the 
initial temperature and molecular dissociation increase. This increased 
1 Journ. Iron and Steel Inst.> 1915, pie. 2; p. 1 14. : 
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number of molecules in solution then enable the carbide point to be more 
readily suppressed. In an interesting investigation on the magnetic change 
points of chromium-carbon steels, Talnejiro Murnlsami, 1 whilst accepting 
the idea that dissociation occurs in these steels as the temperature is rawed 
in the solid solution range, consider* that the reaction which takes place is 
expressed by the equation : 

2Cr 4 0Cr 8 C t +5Cr. 




X Cdpentcr & fading O Robert Aunten 
Fig. 218, 

It seems very probable that the exact kind of reaction which occurs in 

these or any other series of steels can be determined by making an exterwiw, 
series of resistivity observations with a wide variety of steels for each system, 
after being quenched from different initial temperatures. With this hope* 
in view Mr, Norbury and the author have commenced such an inventigation 
for chromium-carbon steels, and nickel-carbon steels. In considering a 
problem of this kind it is necessary to bear in mind that the elect riciil resistance 
of a steel is not only governed by the question a to whether the carbon hae 

the Ttikofai Imperial University, vol. vii, No. 3, p* 217. 
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gone into solution when the temperature has passed the Ac x point, 01 any 
dissociation which may subsequently occur on further heating, hut also by 
the rate of cooling. If the cooling rate is not sufficiently qiuck to completely 
prevent the separation of carbide the results obtained for resistivity would 
be misleading from the point of view of a theoretical discussion. In this 
connection it may be useful to examine the results obtained by H. Le 
Chatelier. Thus, with a steel containing 0-84 per cent, of carbon he obtained 
the following results : 

Quenching temperature, 710 740 810 850 1,000. 

Resistance before quenching _ 

T\ 1 FT iT* JL \J JL O ft JL 4 & a*a 

Resistance after quenching 

From these figures it may be concluded that it is not until the quenching 
temperature of 810 C. has been reached that the carbon is retained in solution 
under the conditions of quenching that were used. Further, even though the 
temperature may be above the Ac x change, it is necessary to allow sufficient 
time for the carbide to be completely taken into solution. 

In an exhaustive treatise on special ternary steels, Portevin 1 devotes 
a large section of his paper to the study of electrical resistance. Amongst 
other steels he has determined the resistances, in the untreated and hardened 
states, for the systems nickels-carbon iron, chromium-carbon iron, and 
tungsten-carbon iron. As the data for these steels is so useful and complete, 
it is reproduced in Tables LIII. to LV., and an attempt is made to give 
a brief summary of Portevin's more important conclusions. 

Nickel Steels* The results for these steels are given in Table LIII. 
In regard to the hardened samples it should be noted that the quenching 
temperature was 975 C., the time of heating at that temperature, and the 
temperature of the quenching bath 15 C. Concerning the results for the 
very low carbon series, Table LIII., these may be divided into three 
groups 

1st. Those containing up to 10 per cent, of nickel, and which are con- 
sidered to contain the structural constituents ferrite + pearlite. The 
resistance increases with the percentage of nickel, and further increases on 
hardening. 

2nd. The martensitic series with 10 to 27 -.0 per cent, of nickel. The 
resistance increases slightly with the percentage of nickel, but is scarcely 
influenced by hardening. 

3rd. With the so-called austenitic steels, with more than 27*0 per cent, 
nickel, the resistance rapidly increases up to 30 per cent, of nickel, but is 
slightly lowered by hardening. 

In the case of the second series, Table LIII., which contains medium 
percentages of carbon, the resistivity varies in the same manner as those 
just described, with the exception that the ranges of composition are different 
thus 

Nickel per cent. Structure. 

0*0 to 7-0. Ferrite -|- pearlite. 

7-0 to 26-0. Martensitic. 

Over 26. Austenitic. 

*Journ. Iron and Steel Tnst. Carnegie Memoir, No. 1, 1909. 
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For the high carbon steels the same characteristic features are observed 
as for those just considered, but the limiting ranges for nickel are 



Nickel per cent. 
0-0 to 5-0. 
5-0 to 15-0 
15-0 and over. 



Structure. 

Ferrite -f- pearl ite. 
Martensitic. 
Austenitic. 



Benedicks' formula only applies when the nickel content is less than 
2-0 per cent. 

.TABLE LIIL ELECTRICAL EESISTANCE IN MICROHMS PER CM S . 



Carbon, 


Jtfickel. 


Silicon. 


Manganese. 


Normal 

Steels. 


Hardened 

Steels. 


0-07 


2-23 


0-070 


0-025 


16-6 


20-0 


0-12 


5-23 


0-046 


0-015 


22-2 


22-4 


0-12 


7-13 


0-050 


0-050 


24-9 


25-8 


0-13 


10-10 


0-100 


traces 


28-7 


28-6 


0-12 


12-07 


0-090 





30-1 


30-1 


0-11 


15-17 


0-020 





32-8 


32-5 


0-18 


20-40 


0-025 





33-5 


33-3 


0-16 


25-85 


0-036 





40-3 


37-8 


0-12 


30-00 


0-031 





82-4 


82-4 


0-21 


1-97 


0-030 


0-025 


17-7 


19-3 


0-20 


4-90 


0-043 


0-025 


23-7 


24-9 


0-23 


7-59 


0-081 


0-050 


25-4 


27-8 


0-21 


9-79 


0-015 


0-025 


32-0 


32-0 


0-22 


12-29 


0-014 


0-025 


34-9 


35-0 


0-22 


20-01 


0-052 


0-020 


44-7 


43-1 


0-23 


25-06 


traces 


0-020 


72-0 


73-2 


0-19 


27-87 


0-260 


0-025 


82-6 


82-6 


6-80 


2-20 


0-100 


0-107 


21-9 


36-6 


0-78 


4-90 


0-085 


0-092 


31-4 


46-2 


0-81 


7-09 


0-100 


0-125 


37-0 


50-2 


1-05 


9-79 


traces 


0-097 


40-2 


51-7 


0-76 


12-27 


0-086 


0-092 


49-0 


55-2 


0<80 


15-04 


0-091 


0-060 


71-0 


70-6 


0-80 


20-01 


0-089 


0-020 


74-8 


70-8 


0-79 


25-06 


traces 


0-070 


80-4 


79-1 


0-81 


29-96 


0-139 


0-030 


85-4 


85-4 



Chromium Steels* Two series of steels were investigated, the first 
containing about -20 per cent, of carbon, and the second 0-8 per cent. The 
results are given in Table LIV. The hardened samples were heated to 
980, maintained at that temperature for five minutes and quenched in 
water at 12 C. It is somewhat misleading to compare these steels with 
microstructure in the same way as the nickel series, simply because in the 
case of chromium steels the microstructures depend so much upon the 
temperature to which they are heated, and the rate at which they are 
afterwards cooled. 
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In the low carbon series it will be seen that the electrical resistance in- 
creases more or less steadily with the percentage of chromium up to about 
15 per cent., there is then a fall in the resistance as the chromium is raised 
to about 20 per cent., which is followed by another slight increase. The 
hardened samples give about the same values as the untreated ones, until 
there is 10 per cent, of chromium present, after which the former show a 
higher resistance than the latter. The maximum difference in this respect 
is manifest at approximately 15 per cent, of chromium. 

With the high carbon steels, the untreated specimens show an increased 
resistance until 14 per cent, of chromium is present, after which it practically 
remains constant. 

Hardening produces a marked increase in the resistance with steels 
containing up to approximately 15 per cent. Or, but with higher percentages 
the values tend to become the same. 



TABLE LIV. ELECTRICAL BESISTANCE IN MICROHMS PER CM 3 . 



Carbon. 


Chromium. 


Silicon, 


Manganese. 


Untreated 
Steels. 


Hardened 

Steels. 


0-06 


1-20 


0-700 


trace 


16-3 


18-0 


0-28 


2-66 


0-050 


0-150 


29-7 


31-0 


0-21 


4-50 


6-232 


trace 


33-2 


* 35-0 


0-07 


7-84 


0-120 


*> 


50-9 


53-0 


0-15 


10-14 


0-200 





49-7 


50-8 


0-17 


13-36 


0-270 





60-0 


66-6 


0-38 


14-52 


0-469 


j 


62-9 


69-7 


0-15 


16-71 


? 


? 


64-7 


68-1 


0-21 


20-06 


? 


9 


56-0 


57-7 


0-24: 


25-31 


0-256 


0-108 


57-5 


60-2 


0-46 


31-75 


0-373 


trace 


63-7 


66-3 


0-86 


0-62 


0-243 


0-027 


23-1 


43-5 


0-97 


0-99 


0-221 


0-244 


25-8 


50-2 


0-89 


2-14 


0-280 


0-108 


27-8 


54-0 


0-79 


4-57 


0-420 


x trace 


29-4 


56-3 


0-84 


7-28 


0-409 


0-056 


39-1 


62-2 


0-75 


9-38 


0-885 


trace 


56-4 


66-5 


0-70 


13-94 


0-180 


0-240 


65-4 


72-5 


0-74 


14-54 


0-486 


trace 


66-2 


73-1 


0-90 


18-65 


0-745 




- 60-7 


68-3 . 


0-82 


26-54 


0-584 




67-1 


68-4 


0-92 


32-46 


0-469 




66-3 


67-5 


0-83 


36-34 


0-326 




65-1 


68-5 


0-80 


40-03 


? 




71-5 


73-5 



Tungsten Steels* Porte vin has determined the electrical resistances 
of a low and high carbon series of steels with varying tungsten content in 
the untreated and quenched condition, Tables LIV. and LV., whilst 
Swinden has made similar observation for a series in which the tungsten 
was constant at 3-0 per cent., with the carbon varying from 0-14 to 1-07 
per cent., Table LVL 

18 
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For the low carbon steels it will be seen that the resistance increases with 
the tungsten until about 7-0 per cent, of that element is present, and then 
remains almost constant up to 26*0 per cent, of tungsten. 

The resistivities of the quenched steels are practically the same as the 
untreated samples until more than 7-0 per cent, of tungsten is present, when 
the quenching produces a small increase. 

With the high carbon alloys the quenched specimens, containing up to 
10-0 per cent, of tungsten, give a considerably higher resistance than the 
untreated samples, but the difference in this respect becomes less as the 
tungsten is further increased. 

TABLE LV. ELECTRICAL RESISTANCE IN MICBOHMS PER CM 3 . 



Carbon. 


Tungsten. 


Silicon. 


Manganese. 


Untreated 
Steels. 


Hardened 
Steels. 


0-12 


0-41 


0-035 


traces 


12-8 


13-8 


0-11 


0-93 


0-058 


> 


13-5 


14-3 


0-11 


1-75 


0-036 





15-8 


17-1 


0-13 


4-96 


0-035 




19-5 


21-1 


0-13 


6-90 


0-030 





23-3 


23-4 


0-17 


11-89 


0-046 


0-067 


20-9 


24-5 


0-20 


14-37 


0-060 


traces 


22-6 


24-6 


0-22 


20-71 


0-139 


tt 


23-1 


25-3 


0-22* 


24-35 


0-112 





25-3 


25-2 


0-28 


27-05 


0-139 


> 


20-7 


25-8 


0-86 


0-40 


0-04C 


0-027 


22-4 


39-1 


0-66 


0-95 


0-120 


0-054 


20-9 


39-6 


0-79 


2-75 


0-058 


0-054 


24-3 


40-9 


0-33 


4-68 


0-140 


traces 


28-1 


41-2 


0-81 


9-99 


0-093 


>? 


26-9 


39-5 


0-71 


14-75 


0-117 


M 


26-5 


32-3 


0-74 


19-25 


0-006 


> 


25-3 


31-0 



TABLE LVL DR. SWINDEN'S" RESULTS. 



Carbon. 


Tungsten, 


Silicon. 


Manganese. 


Untreated 
Steels. 


Hardened 
Steels. 


144 


3-25 


044 


065 


17-3 


19-24 


218 


3-24 


050 


071 


17-5 


19*33 


27 


2-92 


027 


170 


17-6 


20-20 


48 


3-11 


060 


075 


18-87 


23-87 


53 


3-18 


033 


140 


18-4 


25-64 


57 


3-17 


078 


080 


18-6 


26-68 


89 


3-08 


039 


093 


17-6 


36-6 


1-07 


3-09 


040 


055 


17-0 


38-7 
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PORTEVIN 

Electrical resistivity, 261, 265. 
PREESE 

Resistivity of iron, 260. 
PTJTZ 

Vanadium carbide, 249. 

READ 

Separation of carbides of iron from carbon 

steel, 37. 

Carbides in special steels, 193. 
Tungsten steels, 209. 
Manganese steels, 229. 
Chromium steels, 235. 
Vanadium steels. 249. 
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NAME INDEX. 



RICHARDS 

Physical properties of elements as peri- 
odic functions of their atomic weights, 
161. 

RlLEY 

Nickel-iron alloys, 194. 

RlNMAN 

Carbide of iron, 37. 
ROBIN 

Rapid growth of ferrite on annealing 
after deformation, 131. 

ROBERTS-AUSTEN 

Cooling curve of iron, 24. 
Constitution of iron-carbon alloys, 37. 
Troostite, 76. 
Theory of hardening, 166. 
ROHL 

Sulphides, 113. 

ROOZEBOOM 

Constitution of .iron-carbon system, 39. 

ROSENHAIN, W. 

Intercrystalline cohesion of metals, 17. 

Slip bands, 20. 

Structure and strength of iron at high 

temperatures, 34. 
Sulphur in steel, 113. 
Deformation and strain-hardening, 125. 
Amorphous state in metals, 127. 
RUER 

Constitution of iron-carbon system, 43. 



SAKLATWALLA 

Constitution of iron -phosphorus alloys, 

104. 
SALDATT 

Electrical resistivity, 261. 
SANDBURG 

Sorbitic steel, 184. 
SANITER 

Structure of iron at high temperatures, 

33. 
SAVETTR 

Growth of ferrite below its thermal 

critical point, 131. 
SCHNEIDER 

Iron-phosphorus, 104. 
SHAW-SCOTT 

Cementation of iron, 141 
SNELUS 

Segregation, 84. 
STANS FIELD 

Overheating and burning, 117* 



STEAD, J. E. 

Recrystallising of iron, 24. 

Internal structure of iron, 31. 

Electrolytic iron, 32. 

Intercrystalline segregation, 84. 

Blowhole segregation, 88. 

Phosphorus and iron, 104. 

Sulphur in steel, 115. 

Overheating and burning of steel, 118. 

Rapid recrystallisation of iron and mild 
steel, 131. 

Manganese carbide, 229. 

Electrical resistivity, 261. 
STROMEYBR - . 

Ageing qf mild steel. 140. 
STROTTHAL 

Electrical resistivity, 261. 
STUBBS 

Segregation, 84. 
SWINDEN 

Tungsten steels, 209. 

High-speed cutting steels, 221. 

Electrical resistivity, 261. 



T A MM ANN 

Hardening of metals, 126. 
TALBOT 

Solidification of steel, 85, 94. 
TAYLOR 

High-speed cutting steels, 214, 218. 

TCHERNOBT 

Critical points and hardening of steel, 23, 
THOMPSON 

Transport of electricity through metals, 

259. 
TROOST 

Troostite, 76. 
TTTRNER 

Silicon steels, 246. 



UPTON 

Constitution of iron-carbide alloys. 42. 



WAHLBERG 

Set Brinell, 86. 
WATERHOFSE 

Nickel steels, 199. 
WEISS 

Magnetic properties, 27. 
WERTH 

Separation of carbide of iron, 37, 
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Acid cleaning of steel, 139. 

Allotropy, 1. 

Allotropic changes in iron, 23. 

metals, 1, 7. 

Alloys, Constituents in, 3. 

freezing point diagrams of binary 

systems, 5. 
ternary systems, 

9. 

thermal critical points and ranges, 3. 

Alpha iron, 25. 

Aluminium, Effect of, on soundness of steel 
ingots, 88. 

steel, 246. 

Amorphous phase in metals, 17. 

on polished surface of metals, 15. 

produced by deformation, 126. 

quenching steels, 1 72, 

176. 

Annealed steels, Constituents in, 52. 
Annealing, see Refining, 121. 
Austenite, 62, 64. 



Blowholes, 81, 88. 

Brinell test, 145. 

Diameter of indent and hardness 

number, 150. 
Influence of load, 148. 

of time, 152. 

Relation between dynamic test and 

Brinell, 154. 
Ultimate stress and Brinell, 158. 



Carbides in chromium steel, 234. 

, iron-carbon steels, 37. 

manganese steels, 227. 

nickel steels, 199. 

tungsten steels, 209. 

vanadium steels, 248. 



Carbon, Graphitic, in steel, 95. 

influence on properties of steel, 95. 

Carbon-iron alloys, Constitution of, 36. 

Critical points in, 36. 

Equilibrium diagram of, 36-50. 

Carbon-nickel steels, 199. 

Carbon steels, Constitution of annealed, 52. 

. quenched, 61. 

Mechanical properties of, 95. 

Microstructure of, 51. 

Case-hardening ordinary carbon steels, 

141. 

nickel steel, 143. 

Cast steel, Refining of, 121-124. 
Cementation, see Case-hardening. 
Cementite, 57. 

Decomposition of, 58. 

Hardness of, 78. 

Chromium, carbides, 234. 

Effect of varying rates of cooling on 

carbide change, etc., 238-241. 

Self -hardening of, 237. 

steels, 234. 

Chromium-tungsten steel, high-speed cut- 
ting tools, 214. 

Microstructure of, 221. 

Tempering of, 216. 

Cold drawn wire, 134. 

Cooling curves, 39. 

Critical points in iron, 23 (Ara, Ar 2 ), 37. 

in carbon steel, 37. 

Effect of rapid cooling upon the 

temperature of, 170, 180. 



Definition of constituents in steel, 51-78. 
Deformation of metals, 125. 

slip bands, 126. 

twin crystals, 130. 

Dynamic test 

Indentation and Brinell number, 154. 

and elastic rebound, 157, 

Kartell's law, 153. 
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Electrical resistance and constitution, 259- 

272. 

Influence of other elements on resistivity 
of iron, 265. 

of quenching temperature on 

resistivity of carbon steels, 262- 
267. 

Resistivity of iron, 260, 265. 
Electrolytic iron, Rapid recrystallisation of, 

32. 

Etching, 15. 
Eutectics, 3. 
Eutectoids, 3. 
iron-carbon eutectoid, 44-47, 59. 



Ferrite, 52. 

Hardness of, 78. 

Fineness of structure, effect on properties 
of metals, 170. 



H 



Hardening of steel, theories, 164. 
Allo tropic theory of, 164, 

169. 

amorphous phase, 172, 175. 

crystal twinning, 172, 176. 

Lowering of Ar x change, 

170, 238. 
suppression of Ar x change, 

170, 176, 238. 
Hardness and molecular attraction, 160. 

and other physical properties, 162. 

of micro-constituents of steel, 78. 

testing, 145-163. 

Heat, Specific, of iron, 29 

Heating, prolonged, Influence of, see 

Overheating. 

Heat-treatment, burning and overheating 
of steel, 117-124. 

high-speed cutting tools, 213-217. 

High-speed tool steel, 213. 

Composition of, 214. 

Cutting powers of, 218. 

effect of initial temperature 

upon carbide change, 219. 
hardness of annealed and 

hardened, 217. 
high-heat-treatment of, 

215. 
: Influence of tempering on, 

215. 

microstructures, 221. 

secondary treatment, 215. 

red -hardness, 215. 

Vanadium in, 218. 



Hydrogen, Absorption of, during acid 
cleaning of steel, 139. 

by action of caustic soda, 

140. 

Effect of, on critical point of iron, 25. 

Influence of, on crystallisation of 

steel, 140. 



Ingots, aluminium, manganese, and silicon, 
Influence of, 87. 

blowholes, 86. 

Blowhole segregation in, 88. 

composition and soundness, 86. 

Fluid compression of, 91. 

gases, Effect of, during solidification, 

80. 

intercrystaUine segregation, 84. 

Ingots, Piping in, 81. 

position of pipe and blowholes, 86. 

segregation in steel, 84. 

solidifioation of steel, 79. 

Initial temperature and rate of cooling, 179- 
190. 

Carbon steels, 180. 

Chromium-carbon steels, 237-242. 

Nickel-chromium steels, 187. 

Other special steels, 187-192. 
Iron, 23. 

Allotropic forms of, 23-26. 

Cementation of, see Case-hardening. 

Critical points in, 23-26. 

Dilatation of, 28. 

Electrical resistance of, 29. 

Freezing point of, 36. 

Magnetic properties of, 26. 

Rapid recrystallisation of, 31-34, 131. 

Strength of, at high temperatures, 34. 

Iron-carbide, 37. 

Iron-carbon alloys, see Carbon-iron alloys. 

Iron-phosphides, 104. 

Iron-sulphide, 110. 



Ludwik test, 149. 



M 



Magnetic properties of iron, 26. 
Manganese, Carbide, 229. 
Sulphide, 110. 



Manganese steels, 227. 

Critical points in, 229. 

Mechanical properties of, 231. 

Martensite, constitution, 62. 

Hardness of, 78. 

Melting point, diagrams of alloys, 5-14. 

diagram of iron-carbon system, 

39. 
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Molting point of iron, 36. 

of metals, 3. 

Microstructure of annealed steels, 52-61. * 

high-speed steels, 188. 

iron, 29. 

metals, 15-22. 

quenched steels, 61-78. 

Moulds, effect of size upon position of 
blowholes and pipes in ingots, 88. 



N 



Nickel-iron alloys, influence of nickel on 

critical points, 195. 

magnetic properties, 194. 

mecluinical properties, 19G-198. 

reversible and irreversible alloys, 

195. 
Nickel-iron -carbon steels, Heat-treatment 

of, 19(5. 
.__ Mechanical properties of, 199- 

208. 
Nitrogen in case-hardening, 142. 



Overheating of steel, effect on structure and 
properties, 121. 

refining of overheated steel, 

121. 

Oxides reduced by manganese, 227. 



Pearlite, constitution, 59. 

- - Coarsening of, 60. 

Sorbitic, 61. 

Phase rule, 2, 165. 

Phosphorus, Effect of carbon, on solubility 
in iron, 106. 

Effect of, on rate of crystal growth in 

steel, 109. 

on temperature of critical 

points, 109. 

equilibrium diagram of iron-phos- 
phorus system, 105. 

iron-phosphorus compounds, 104. 

Segregation of, in blowholes, 88. 

Pickling of iron and steel, see Acid cleaning. 

Piping in steel ingots, 80. 



Q 

Quenched steel, Constitution of, 61. 

Specific volume of, as compared 

with annealed, 75. 



Quenching, effect on critical points, 62, 
237. 

Theory of, 62, 65. 

Twinning of crystals produced by, 70. 



Recalescence curves of iron, 23, 26. 

chromium steel, 237. 

high-speed steels, 220. 

iron -carbon steels, 40. 
Red-shortness caused by sulphur, 110. 

blowhole segregation of 

sulphur, 90. 
Refining of steel castings, 121. 

overheated steel, 121. 

Ropes, Deterioration of, 139. 



Segregation, 84. 

blowhole segregation, 88. 

Shore sclerofcope, 152-157. 
Silicon, JK fleet of, on soundness of steel 
ingote, 88. 

stcela. 246. 

Slip bands, or lines, 125. 

Solid solutions, 3. 

Sorbitic pearlite, 61. 

Special steels, 179. 

Strain-hardening, 125. 

Sulphur, Mangancijc and iron, 110, 115. 

prints, 113. 



Tempering of high-speed steels, 216. 
Tool eteel, see High-speed. 
Troostito, 76. 
Tiangsten steels, 209. 

_ Constitution of, 210. 

Twin-crystals, 17. 

-. produced by mechanical strain, 131. 

_ quenching, 70. 



Vanadium in high-speed steel, 214. 
carbides, 250. 

steel, 248. 

W 

Wire, Acid cleaning of, 134, 139. 

Cold -drawn, 134. 

Galvanising, 138. 

removal of hardness caused by cold 

work, 138. 
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